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  Abstract 
In biomedical applications, wound healing is an important topic involving suturing or stapling 
and wound dressings in traditional medical practices.  As suturing does not satisfy the 
requirements from wound healing tasks with minimized damages, bioadhesives (tissue 
adhesives) have emerged as substitutes for the traditional wound healing techniques. In 
addition, a large amount of research works find that porous tissue scaffold with cell adhesion 
ability is very beneficial to the cell attachment, retention, migration and proliferation.  
However, the application of existing tissue adhesives, such as polysaccharides, fibrin, 
polycyanoacrylates and poly (3,4 dihydroxystyrene-co-styrene), is restricted by their 
shortcomings including low to moderate adhesive performance, especially in moisture 
conditions, cytotoxicity or use of toxic curing agents.  Although recombinant mussel adhesive 
proteins were successfully produced through recombinant DNA (rDNA) techniques with 
E.coli and exhibited water resistant adhesion, the adhesive strength is relatively low as 
compared with the state-of-the-art polymeric adhesives which are chemically synthesized. 
This thesis reports the development of rDNA techniques to fabricate novel high 
performance protein materials as bioadhesives with improved water-resistant adhesive 
strength, conformational stability, porosity and biocompatibility. A new purification strategy - 
the ‘heat and acetic acid-extraction’ method in combination with nickel-nitrilotriacetic acid 
immobilized metal affinity chromatography (Ni-NTA IMAC) was developed to obtain highly 
purified products; E.coli genetic modification and culture techniques also were developed to 
enhance the yield of the recombinant protein, followed by experimental investigations of the 
structural, morphological and functional properties and applications of this protein.  
The first contribution of this thesis is the proposal of a novel concept for developing protein 
bioadhesives with high water-resistant adhesive strength and conformational stability and 
porous morphology as well as biocompatibility, which would be very beneficial for 
bioadhesives in many advanced wound repairing and tissue engineering applications.   
The second contribution of this thesis is a novel design of recombinant gene composed of 
beneficial genes encoding mussel adhesive protein type 5 (mgfp-5) from Mediterranean 
mussel Mytilus galloprovincialis, pro-resilin (exon I of the whole-length resilin) from fruit fly 
Drosophila melanogaster and R5 peptide leading to strong silica skeletons of diatom 
Cylindrotheca fusiformis; and optimization of the recombinant gene expression in E.coli 
through analysing and modifying the DNA sequence of the recombinant gene so that the 
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obtained recombinant protein  is able to confer the desirable properties without truncation 
according to the concept outlined above. 
The third contribution of this thesis is the auto-induction culture system that provides a 
relatively high and stable transcription level of the recombinant gene as compared with that in 
the traditional LB culture with log-phase induction. The T7 promoter used in this study was 
very powerful to start the transcription of the recombinant gene with the presence of an 
inducer, but basal level expression of the target gene persisted during non-induced culture in 
LB, even though the lac operator was added for a more stringent control. The auto-induction 
culture in this study utilized the carbon source preference of E.coli cells to balance the 
intensive effects of the inducer IPTG on the promoter so that the mRNA level could remain 
stable, especially when the recombinant protein was toxic to the host cells. 
The fourth contribution of this thesis is the development of a novel two-fraction extraction 
strategy and a modified single-fraction extraction strategy to obtain highly purified 
recombinant protein MRR5 from E.coli cells. The experimental results obtained in this study 
showed that these two strategies facilitated isolation of MRR5 from undesired proteins 
produced in E.coli. In the two-fraction extraction strategy, MRR5 could be extracted from the 
soluble protein fraction and the insoluble cell debris fraction of lysate, respectively. It was 
revealed that MRR5 was cationic and bound with anionic proteins through electrostatic forces, 
unlike most of other recombinant proteins which were anionic or neutral. Moreover, the 
modified single-fraction extraction strategy was found more efficient than the two-fraction 
extraction strategy. It was proved that MRR5 occupied the major proportion of the proteins in 
the extract from the single-fraction extraction and the subsequent purification of MRR5 from 
the extract using Ni-NTA IMAC resulted in MRR5 the purity of higher than 90%, which is 
comparable to that of purified hybrid mussel adhesive protein mgfp-151 (~ 97%). To the best 
of our knowledge, it was the first report to successfully purify a cationic recombinant protein 
produced from both soluble and insoluble fractions of E.coli lysate. This technology would 
lay a solid foundation for the generation and studies of recombinant proteins with the similar 
properties and production characteristics to that of MRR5.  
The fifth contribution of this thesis is to introduce a novel multiplex automated genome 
engineering (MAGE) approach and identify optimal culture and induction conditions to 
further increase the production yield of the recombinant protein MRR5 with E.Coli. The 
screening process results revealed that effectiveness and accuracy of MAGE could be 
connected to the interrelationship of the target elements and not every genetic element could 
be modified by MAGE. Moreover, an auto-induction culture system was modified based on 
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the belief that reducing the overlap between the stages of cell growth and protein production 
could raise the cell density and hence the overall productivity of the protein. The optimal 
culture and induction conditions were identified to increase the productivity of the 
recombinant protein MRR5. The evaluation results showed that compared with the production 
yield of MRR5 in the original auto-induction culture, an almost 13-fold increase was achieved 
under the optimal culture and induction conditions, which was auto-induction in combination 
with doubled consumption of nitrogen sources, 0.6% glucose and trace elements. In addition, 
the optimized culture conditions resulted in the increase in the cell specific yield (production 
yield of MRR5 in an individual cell) rather than the cell density. The productivity of the 
neutral recombinant protein rec1-resilin was enhanced by 20 folds though regulating culture 
process, while the target protein had no harmful influence to the host cells. In this study, we 
believe that these strategies have a great potential to be adopted to tackle poor productivity 
problem of other recombinant proteins, especially those with cationic property and toxicity to 
the host cells. 
The sixth contribution of this thesis is an investigation into the secondary structures, 
morphologies, adhesive performance and biocompatibility of the recombinant protein MRR5 
and its crosslinked materials with respect to bioadhesives, providing an insight into their 
structure-property relationships. Specifically, in vitro lap shear testing results showed that 
crosslinked MRR5 hydrogels at the concentration of 150 mg/ml (15%) both with and without 
silicification achieved significantly higher adhesive performance (2.5 ± 0.07 MPa and 2.0 ± 
0.38 MPa) than existing benchmark protein adhesives including mussel adhesive proteins (~ 1 
MPa) and LAMBA made of hybrid mussel adhesive protein mgfp-151 (72.2 ± 3.7 KPa) 
through photochemically induced crosslinking of tyrosine residues.  Moreover, the FTIR 
spectra showed the presence of di-tyrosine crosslinks and silica within the MRR5 hydrogel 
and MRR5 hydrogel with silicification, respectively, and that the hydrogel possessed 
secondary structure elements including random coli and β-turn. The results indicated that 
apart from di-tyrosine crosslinks, the pro-resilin module of MRR5 played an important role in 
the maitainance of conformational stability that facilitated the adhesive performance of 
MRR5 hydrogel. In addition, from SEM image observations, the MRR5 hydrogel at the 
concentration of 15% with silicification possessed micron porous network structure and high 
porosity, which would be very advantageous and beneficial to bioadhesives for wound 
healing and tissue scaffolding. The cytotoxicity assessments of pure MRR5 and MRR5 
hydrogel by using human embryonic kidney 293T cells through WST-1 assays indicated that 
the leachable contents from the MRR5 hydrogel and uncrosslinked MRR5 at the 
concentration of less than 10 mg/ml had negligible detrimental effects to living cells.  
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All these results verified that the MRR5 hydrogel integrating mussel adhesive protein 
mgfp-5, pro-resilin and R5 peptide by rDNA techniques using E.coli possessed a significantly 
higher water-resistant adhesive strength and conformational stability to animal tissues, micron 
porous morphology and negligible toxic impact on tissue cells, offering a competitive 
alternative to the existing tissue adhesives for wound healing or tissue engineering. 
The conceptual and technological contributions of this thesis as above are demonstrated 
with experimental results. It is shown that bioadhesives with desired adhesive performance 
and cytocompatibility can be fabricated from the protein that integrates mussel adhesive 
protein mgfp-5, pro-resilin and R5 peptide by rDNA techniques using E.coli.  
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Chapter 1 
Introduction 
1.1 Overview 
The use of natural or man-made materials for replacing or repairing diseased or damaged 
body parts has a long history from ancient civilizations to modern times. Since 1960s, this 
field has developed remarkably and is known as biomedical materials or biomaterials [7]. 
Biomaterials nowadays is aiming to explore constructs with no or negligible toxicity and 
expected mechanical properties to bring about the function recovery of injured or stricken 
tissues and organs, hence improving patient quality of life and longevity. 
Wound healing, tissue engineering and drug delivery are relatively new development 
directions of biomaterials. Especially, for improving or replacing the conventional medical 
devices, such as sutures and implants, bioadhesives and tissue scaffolds are developed for 
wound healing and tissue engineering tasks, respectively.  
Suturing is the most common method to achieve wound or opening closure by providing 
great tensile strength with low failure rate [8]. However, it has a major drawback of inevitable 
penetration of surrounding tissues, causing nerve damages and inflammation response. 
Besides, air and fluid leakage cannot be prevented by suturing. Wound dressings are porous 
materials used for promoting wound healing after wound closure. The materials for wound 
dressings should allow oxygen permeability; prevent tissue dehydration and bacterial 
infection; have negligible toxic effects and cause no allergenic response; and adhesion to 
surrounding tissues. Bioadhesive materials have been developed for providing more efficient 
wound closure and healing with convenience and minimized disruption to vascularization.  
Tissue engineering involves the usage of tissue scaffolds which serve as adhesive substrates 
and physical support for the retention, proliferation and differentiation of implanted cells to 
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form new tissues or organs. The materials for tissue scaffolds should possess certain 
mechanical properties that can comply with those of the underlying tissues; be able to be 
processed into a three-dimensional structure with an interconnected porous network as a 
template for cell retention, transportation of nutrients, and elimination of metabolic waste and 
hence cell growth; and possess biocompatibility and biodegradability.  
Bioadhesives have been developed for improved wound healing. The criteria for 
bioadhesives include biocompatibility, sufficient adhesive strength and ability to maintain 
adhesion under wet conditions. In addition, strong adhesive strength and porosity are required 
for applications involving bones and cartilage, which are skeletal tissues with three-
dimensional porous structures, and hence broadening the application range of bioadhesives to 
wound dressings and tissue scaffolds. Therefore, desirable properties for bioadhesives include 
strong water-resistant adhesion, biocompatibility and porosity. 
Bioadhesives made of chemically synthetic materials are commonly used for skin wound 
closure. However, as chemically synthetic materials are usually associated with toxicity, such 
as cyanoacrylates, internal applications of these adhesives are forbidden. Applications of 
PEG-based materials are limited by high cost and large-swelling index. State-of-the-art 
synthetic polymers have shown strong adhesive strength in wet conditions, but it is notable 
that this adhesive still has to face some problems, namely the usage of toxic oxidizing agents 
for curing, and its biocompatibility is yet to be determined. Natural occurring materials, such 
as chitosan and fibrin, are extracted from abundant natural sources; exert far less toxic effects 
to the human body, but exhibit relatively poor adhesive performance. Furthermore, natural-
occurring protein materials, such as gelatin and fibrin, usually involve with the usage of toxic 
crosslinkers, and possible introduction of infectious agents and allergenic reactions. 
Fortunately, proteins with excellent properties found in different organisms in nature, 
including resilin of arthropod [9], strong silks and glues of spiders and honeybees [10, 11], 
glues of marine mussels [12], and silica-depositing R5 peptide of diatoms [13], possess the 
advantages of non-toxicity and excellent adhesive or mechanical properties that fulfil the 
requirements for an outstanding bioadhesive. However, conventional methods for obtaining 
proteins include natural extraction and chemical synthesis. Natural extraction involves a series 
of processes that eventually isolate one or a few proteins from a complex mixture [14]. As the 
natural sources of the proteins mentioned above are limited since these proteins are generally 
produced in a very small quantity in the original organisms, making the extraction cost-
intensive and laborious or even impossible. For example, about 10,000 mussels are required 
for extracting 1 mg of adhesive proteins [15]. Moreover, although enough amounts of the 
candidate proteins can be obtained, it is challenging to mix the proteins and tune the 
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performance of the resultant materials. Chemical synthesis of proteins, represented by the 
automated solid-phase peptide synthesis [16] and native chemical ligation techniques [17], 
has the advantages of facile incorporation of non-natural functionality into proteins, and 
facilitated purification [18]. However, the disadvantages of high cost, relatively low yield, and 
limitation to small proteins (MW < 30 kDa) restrict this technique to applications in 
laboratory research [19] (Table 1.1).  
Techniques Advantage Shortcoming 
Natural extraction Authentic products [20] Relatively low production level [15] 
  Low efficiency [21, 22] 
Total chemical 
synthesis (solid phase 
peptide synthesis, 
SPPS) 
Reaction with high efficiency [23] Costly  
Automated production and 
simplified purification [24] 
Relatively low level of production 
Creativity by incorporating 
artificial functional groups into 
protein [25] 
Restricted to small proteins ( MW < 
30KDa) [19] 
Convenience of modification for 
improving physical and chemical 
properties [26] 
Side effects [27] 
Biological contaminants-free 
homogenous products [19] 
Complex post-synthetic modification [27] 
Excellent purity [27] High level of cytotoxicity [28] 
Table 1.1 Significant advantages and shortcomings of natural extraction and total chemical synthesis of 
proteins. 
Recombinant DNA techniques, by contrast, have become a pathway to cost-effective 
production of novel proteins by providing a comprehensive set of tools to fulfil the 
requirements to fabricate tissue adhesives. This approach, based on the recombinant DNA 
(rDNA) and synthetic DNA techniques, bears the most significant advantages of  high yield 
[21], products with high molecular weights, low toxicity, tunability [28] and economic 
efficiency [22] for material production in this study. E.coli remains to be the most useful 
platform for production of proteinaceous materials for its advantages including safety, high 
growth rate, convenient culture and operation, and stable genetic characteristics. For instance, 
 4 
 
a few beneficial genes such as mgfp-5 encoding mussel adhesive protein type 5 (mgfp-5) has 
been expressed in E.coli to obtain water-resistant adhesive protein. Then a recombinant gene 
encoding the hybrid mussel adhesive protein mgfp-151 was expressed in E.coli; but the 
LAMBA made of mgfp-151 showed relatively low adhesive strength due to poor 
conformational stability although di-tyrosine crosslinks have already been introduced into 
LAMBA. The recombinant gene encoding pro-resilin has been expressed in E.coli; and the 
obtained protein exhibited good conformational stability and resilience due to di-tyrosine 
crosslinks and the extended structure of the protein, while possessing no water-resistant 
adhesive property. R5 peptide has also been combined with MaSp 1 (spider silk protein) 
through the expression of the corresponding recombinant gene in E.coli, and conferred silica-
depositing ability to the electro-spinning silks made of the recombinant protein, but no porous 
network morphology was observed. 
1.2 Research question 
As aforementioned, while existing chemically synthesized polymeric bioadhesives and natural 
occurring bioadhesives are suffering from either cytotoxicity or inferior adhesive strength in 
terms of meeting biomedical application requirements, a variety of natural materials such as 
mussel adhesive proteins, resilin and R5 peptide have inspired the development of novel 
tissue adhesives with desired properties through rDNA technologies in the field of biomedical 
materials research. Meanwhile, the most common host for protein production is E.coli, either 
in bench- or large-scale fermentation (production) duo to its major advantages over other 
platforms, including convenient culture and operation, well-developed fermentation profile, 
ease of genetic manipulation based on powerful molecular tools and well-developed database 
of genome, and stable genetic characteristics.  In the recent years, the recombinant gene 
encoding hybrid mussel adhesive protein mgfp-151 has been successfully expressed in E.Coli 
to fabricate the bioadhesive LAMBA (mgfp-151 with di-tyrosine crosslinks). However, the 
adhesive strength of the protein adhesive is relatively low as compared with the state-of-the-
art synthetic polymeric adhesive. Another pioneered research group has obtained recombinant 
resilin (rec1-resilin) through expression of the corresponding recombinant gene in E.coli. 
With di-tyrosine crosslinks, this protein material showed excellent resilience with 
conformational stability but no water-resistant adhesive property.  Interestingly, R5 peptide 
associated with the formation of strong silica skeleton in diatom has been successfully 
produced in combination with MaSp1 (spider silk protein) in E. coli to harvest silks with 
enhanced strength.  
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A bioadhesive with high water-resistant adhesive performance, biocompatibility and 
porosity would be very beneficial to many biomedical applications such as wound healing and 
tissue engineering, however, this kind of high performance bioadhesive has not been found 
yet, even though recombinant DNA technologies may hold a great potential to realize this 
recombinant protein, provided that a hybrid gene composed of a set of beneficial genes from 
different species can be designed and challenges in the expression of this hybrid gene, 
purification and increasing production yield of the recombinant protein can be overcome.    
1.3 Aims 
This project is aimed to address the above issues by developing new rDNA technologies with 
E. Coli platform to fabricate novel recombinant protein materials as high performance 
bioadhesives with improved water-resistant adhesive strength, conformational stability, 
porosity and biocompatibility, exploring new purification strategies, genetic modification to 
the host organism and culture techniques to produce the desired adhesive protein with high 
purities and high yields.  We will also investigate adhesive performance, structural and 
morphological characteristics and cytotoxicity of this recombinant protein and its derivatives.     
Specifically, we will realize a novel concept of protein materials for bioadhesives by 
expression of a recombinant gene composed of beneficial genes encoding mussel adhesive 
protein type 5 (mgfp-5) from Mediterranean mussel Mytilus galloprovincialis, pro-resilin 
(exon I of the whole-length resilin) from fruit fly Drosophila melanogaster and R5 peptide 
leading to strong silica skeletons of diatom Cylindrotheca fusiformis.  The DNA sequence of 
the recombinant gene will be optimized to remove rear codons and then synthesized and 
expressed with an established platform based on E.coli. The current extraction schemes may 
be insufficient to accomplish the purification task, considering the desired protein is 
composed of proteins or peptides from different species and with different properties. 
Therefore, new technical strategies will be developed to overcome the difficulties encountered 
in the purification process.  
Furthermore, to enhance the production level of the protein, we will conduct genetic 
modification to the host organism to increase the expression level of the recombinant gene 
and optimize culture conditions to increase the cell growth of E.coli. The outcomes will be 
evaluated via screening of the desired cell population by polymerase chain reactions (PCRs) 
semi-polymerase chain reactions and DNA sequencing, Western blot analyses and cell density 
determination using spectrophotometry.  
Finally, we will investigate structures and morphologies of the recombinant protein and its 
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derivatives and evaluate their adhesive performance and in vitro cytocompatibility. 
Investigations into the primary and secondary structure of the protein would be beneficial to 
the analyses and explanation of their properties. The performance of the novel protein 
bioadhesives will be compared with existing state-of-the-art bioadhesives.  
It is anticipated that the outcomes from this project would give an insight into the 
development of high performance protein materials as bioadhesives, which would benefit a 
wide range of biomedical applications such as wound healing and tissue engineering. 
Furthermore, the knowledge learnt from the recombinant expression and protein purification 
techniques developed in this work may also contribute to the production of many other 
biomaterials in the future.  
1.4 Contributions 
This thesis has presented a novel concept of protein based bioadhesives, developed a 
recombinant gene mrr5 expression system through the rDNA techniques with E.coli, explored 
a new extraction strategy, and improved the yield of recombinant protein MRR5. It has also 
investigated the structure, morphology and adhesive performance of MRR5 and MRR5 
hydrogels as tissue adhesives. There is a great potential to apply these trans-species protein 
materials in wound healing and tissue engineering due to their high adhesive strength, 
conformational stability and porosity. The contributions of this thesis are as follows: 
1. In Chapter 3, we designed a chimeric gene incorporating the genes encoding the 
proteins/peptides from three different species, namely mgfp-5 from Mediterranean 
mussel Mytilus galloprovincialis, pro-resilin (exon I of the whole-length resilin) from 
fruit fly Drosophila melanogaster and R5 peptide of diatom Cylindrotheca fusiformis.  
The biosynthesis of the recombinant protein is challenging as the hybrid gene is 
composed of unique functional modules from the three different sources and the codon 
usage bias is varied from one species to another. Therefore, before the synthesis of the 
chimeric gene, sequence analyses and optimization were carried out to remove the 
influence of rare codons, high GC content and mRNA secondary structure on the 
expression of the recombinant gene in E.coli cells. Expression platforms were then 
constructed with the synthesized gene before fermentation. During the fermentation, 
two factors associated with the production level of the recombinant protein, including 
mRNA level and cell growth level, under different culture conditions were investigated. 
The Western blot analyses showed that the target protein MRR5 was successfully 
produced with the constructed platform, namely the plasmid pET28a in E.coli BL21 
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(DE3) pLysS and auto-induction culture in ECM medium. Furthermore, investigations 
into the production level showed that the transcription level of the recombinant gene 
mrr5 in E.coli cells was stable at a high level under auto-induction in ECM medium, 
while it experienced a sharp drop and continuous declination under log-phase induction 
in LB medium, indicating that auto-induction conditions were beneficial to the 
production of the recombinant protein MRR5 in E.coli cells. Nonetheless, neither the 
auto-induction culture nor the log-phase induction culture enabled the E.coli cells to 
grow to a high density.  This phenomenon confirmed the negative effects of 
aggregating recombinant mgfp-5 or mgfp-5-containing proteins to E.coli cells duo to 
the cationic property of the recombinant protein as indicated by primary structure 
analyses. These investigations provided valuable information for the subsequent 
optimization of the gene expression process and culture conditions for improving 
production yields of the protein in Chapter 5 of this thesis. 
2. In Chapter 4, two technical strategies, including a novel two-fraction extraction scheme 
and a modified single-fraction extraction scheme, for the extraction of the target 
protein from the E.coli lysate differed from those frequently used methods for protein 
extraction  in literature which were unable to extract the recombinant protein with 
cationic property. It took many efforts to explore a practical strategy to extract the 
protein efficiently. The distinct extraction strategies were determined by considering 
the unique properties and production characteristics of the target protein.  
In the two-fraction extraction strategy, MRR5 was extracted from the soluble fraction 
and insoluble fraction of the lysate, respectively, as it existed in both fractions. The 
usage of sodium chloride was critical for the removal of the electrostatic interaction 
between MRR5 and undesired proteins and hence allowed the extraction of the protein 
using acetic acid. The experimental results indicated that MRR5 was produced in both 
soluble and insoluble (inclusion bodies) forms in E.coli; the soluble cationic MRR5 
interacted with anionic undesired proteins, which were either soluble or insoluble in 
the buffering conditions, through electrostatic forces that could be broken with salting 
via ion shielding effects; after the removal of the electrostatic forces, MRR5 could be 
extracted with acetic acid. It could be concluded from the above results that MRR5 was 
acetic acid-soluble and cationic which caused its interactions with other proteins. 
While the development of the novel two-fraction extraction scheme provided 
fundamental knowledge regarding the characteristics of MRR5, the extraction process 
was tedious, laborious and inefficient. Hence, a modified single-fraction extraction 
scheme was developed on the basis of the knowledge mentioned above.  
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In the modified single-fraction extraction strategy, isolation of MRR5 was carried out 
with a combination of heating, treatment with salt in an acidic buffer and acetic acid-
extraction. The experimental results demonstrated that heating changed the distribution 
of MRR5 from both fractions to only the insoluble cell debris fraction; and salt in an 
acidic buffer removed some undesired protein from the insoluble cell debris fraction, 
leaving behind the target protein that was then extracted by acetic acid along with a 
small amount of contaminants, a part of which could be removed through dialysis in 
acid buffer containing salt. The recombinant protein MRR5 accounted for a major 
proportion of the obtained extract.  
Finally, the extract from the modified single-fraction extraction could be purified 
through Ni-NTA IMAC, and MRR5 was obtained with high purities (> 90%). 
Although the overall productivity of MRR5 was very low (~ 1 mg/L culture), this 
problem would be addressed and discussed in the following chapter. Moreover, as 
there were less report on extraction and purification of a cationic recombinant protein 
produced in both soluble and insoluble forms in E.coli cells. The knowledge and 
technologies acquired from this chapter would shed a light on the generation and 
studies of recombinant proteins with the similar properties and production 
characteristics to that of MRR5. 
3. As the data in Chapter 3 showed, low production level was a common issue for many 
bacterially expressed proteins including MRR5. In Chapter 5, two different strategies 
were adopted for further elevating the production yield of the desired protein MRR5. 
Firstly, genetic modifications were performed to E.coli using multiplex automated 
genome engineering (MAGE), which could modify multiple loci in the chromosome of 
E.coli as reported and had the advantageous of stable genotypes and high efficiency, to 
increase the productivity of MRR5 Nonetheless, it was much more challenging to 
perform MAGE since this technique was more complicated than using a plasmid due to 
the complex intergenic relationships in the genome of E.coli. In this study, MAGE was 
performed twice with different consumption of ss-oligos, different electroporation 
buffer and decreased target sites. The evaluation results showed no desirable changes 
to the E.coli genome. These results indicated that effectiveness and accuracy of MAGE 
could be connected to the interrelationship of the target elements and the wide 
applicability of this technology to E.coli genes remained to be determined. 
Secondly, as shown in Chapter 3, the cell growth rate of E.coli was slow under auto-
induction conditions, thus it was assumed that the cell density could be elevated to 
enhance the production of MRR5 with E.coli; and the separation of growth phase and 
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production phase might be beneficial to the high cell density culture of E.coli with high 
production level of the desired protein. Therefore, the auto-induction culture system 
used in Chapter 3 was modified based on the belief that reducing the overlap between 
the stages of cell growth and protein production could raise the cell density and hence 
the overall productivity of the protein. The optimal culture and induction conditions 
were identified to increase the productivity of the recombinant protein MRR5. The 
evaluation through SDS-PAGE analyses and spectrophotometry showed that 
comparing with production yield of MRR5 in the original auto-induction culture, an 
almost 13-fold increase had been achieved under the optimal culture and induction 
conditions, which was auto-induction in combination with doubled consumption of 
nitrogen sources, 0.6% glucose and trace elements. Moreover, the optimized culture 
conditions resulted in the increase in the cell specific yield (production yield of MRR5 
in an individual cell) rather than the cell density.  
In a previous report, the productivity of the neutral recombinant protein rec1-resilin 
had been enhanced by 20 folds though regulating culture process, where the target 
protein had no harmful influence to the host cells. In this study, although high cell 
specific yield and high cell density could not be achieved simultaneously, we believed 
that these strategies would provide foundation to tackle poor productivity problem of 
other recombinant proteins, especially those with cationic property and toxicity to the 
host cells. 
4. Chapter 6 explored secondary structures and morphological characteristics of the 
obtained protein materials and their adhesive property, conformational stability and 
biocompatibility. After Western blot analyses, the purified protein was further 
confirmed to be the desired recombinant protein MRR5 through high-performance 
liquid chromatography and electrospray ionization quadrupole time-of-flight mass 
spectrometry/mass spectrometry (HPLC-ESI-Q-TOF-MS/MS) which provided the 
specific amino acid sequences of three trypsin-digested segments of the obtained 
protein. The subsequent coating investigation confirmed the ability of MRR5 to 
adhere to various surfaces in watery conditions; and the further characterization 
through in vitro lap shear testing demonstrated a much higher adhesive strength of 
MRR5 hydrogel (MRR5 with dityrosine crosslinks) on wet tissues than that of a 
benchmark protein adhesive - LMABA which was made of the hybrid mussel 
adhesive protein mgfp-151 through photochemically induced crosslinking of tyrosine 
residues. Although the adhesive performance of silicified MRR5 hydrogel was slightly 
lower than that of the hydrogel without silicification, both of the MRR5 hydrogels 
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with and without silicification significantly outperformed the benchmark protein 
adhesive LAMBA in the lap shear testing. 
Interestingly, based on scanning electron microscopy (SEM) observation, silicification 
of MRR5 hydrogel resulted in the formation of regular micron porous network 
structure within the protein material, which would be very advantageous and 
beneficial to bioadhesives for wound healing and tissue engineering since this porous 
network structure would allow for better oxygen permeability, provide efficacy in 
prevention of tissue dehydration in wound healing and cell retention capability in 
tissue engineering, etc. 
FTIR analyses exhibited that the secondary structure of the protein was composed of 
random coil and β-turn under dehydrated conditions, hence it was speculated that the 
protein possessed random coil and extended structure in watery conditions based on 
the analyses of primary structure of pro-resilin and the previous report that pro-resilin 
with hydrophilic blocks behaved like flexible structures with extended chains in water, 
and condensed and self-assembled into a tighter structure after the loss of bound water. 
The extended structure of pro-resilin module of MRR5 had contributed to the high 
adhesive performance of MRR5 hydrogel with hydration. Also, the FTIR gave the 
information regarding to the di-tyrosine crosslinks and silicification of the protein 
materials. The weak shift of vibration (from 1515 to 1517 cm
-1
) in amide II region 
indicated the changes to the large side chain groups of tyrosine residues of crosslinked 
samples, which was attributed to the di-tyrosine crosslinks; the shift of peak from 
~1,242 cm
-1
 to ~1,234 cm
-1
 of silicified samples demonstrated the vibration changes of 
NH in-plane bending, which was ascribed to the deposition of silica to the amine 
groups. Finally, the cytotoxicity assessments of MRR5 and MRR5 hydrogel, using 
human embryonic kidney 293T cells through WST-1 assays, indicated that the 
leachable contents from the MRR5 hydrogel (15%) and MRR5 at the concentration of 
less than 10 mg/ml had negligible detrimental effects to living cells. All these results 
showed that MRR5 hydrogel was a competitive alternative to the existing tissue 
adhesives.  
1.5 Thesis outline 
The chapters of this thesis reflect the contributions stated in Section 1.4. The thesis 
includes seven chapters. The rest of this thesis is structured as follows: 
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1. Chapter 2 reviews the background and related fields this thesis is built upon. The 
tissue adhesives in use and under development, and the technologies associated with 
the production of recombinant proteins are discussed in the areas of existing 
bioadhesives and recombinant DNA techniques for creating proteins. The discussion 
highlights the significance of recombinant proteins with the properties of water-
resistant adhesion, conformational stability and capacity to induce silica skeleton. The 
discussion focuses on the biosynthesis of recombinant proteins in E.coli with cutting-
edge technologies. This chapter will also discuss the existing assay technologies for 
evaluating the cytotoxicity of the biomaterials.  
2. Chapter 3 presents the approaches for the biosynthesis of the target recombinant 
protein with E.coli, including the gene design and optimization, synthesis of the gene, 
construction of the expression plasmid and its transformation into the host organism 
E.coli. Auto-induction culture of the E.coli was performed to produce the protein. 
Also, investigations into the production level of the desired protein were carried out 
through the analyses of mRNA level and cell growth rate. Under different culture 
conditions, the mRNA level was quantified by Real-Time PCR; and the cell density of 
the culture is determined by spectrophotometry. 
3. Chapter 4 presents the approaches to extract and isolate the target protein MRR5 with 
high purities. Due to the cationic property and the unique production characteristics of 
the protein, frequently used methods are insufficient to extract MRR5 from undesired 
proteins. In this chapter, two technical schemes including a novel two-fraction 
extraction strategy and a modified one-fraction extraction strategy will be developed 
based on the fundamental knowledge obtained from extensive experiments. SDS-
PAGE and Western blot analyses will be conducted to identify optimal extraction and 
purification technologies and parameters and purities of the obtained MRR5 will be 
evaluated through the analyses using SDS-PAGE and the software Quantity One. The 
overall productivity of the desired protein will be determined through the evaluation of 
the purified MRR5 in an acidic solution using spectrophotometry.  
4. Chapter 5 presents approaches to increase the production yield of the target protein 
MRR5 through enhancing the translation of the recombinant gene mrr5 and cell 
growth of E.coli to a high density. To elevate the translation level of the recombinant 
gene with genetic engineering, a novel MAGE approach was developed, which is able 
to tune multiple genetic components within the genome of E.coli in cyclical operations 
using mutant strain of E.coli and ss-oligos. After performing the modification, PCR 
with wide-type or mutant-type primers and DNA sequencing were applied to screen 
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the recovered cell populations. Moreover, for raising the cell density of E.coli and 
hence the production level of the protein, various adjustments to the original culture 
conditions reported in Chapter 3 were applied and compared. The optimal adjustment 
was identified, which resulted in almost 13-fold increase in the production yield at 
maximum. 
5. Chapter 6 presents a series of systematic characterization and evaluation of the 
obtained protein materials. At first, a further identification of the target recombinant 
protein was carried out using HPLC-ESI-Q-TOF-MS/MS. Then coating investigations 
on various surfaces were performed to test the adhesive ability of the protein under 
water. The evaluation continued with in vitro lap shear testing on wet tissues and 
secondary structure analyses using FTIR of the protein materials. The network 
structure and the silicification of the hydrogel (MRR5 with dityrosine crosslinks) were 
also investigated with SEM. In addition to the desired adhesive property as a tissue 
adhesive, the cytotoxicity of uncrosslinked MRR5 and leachable contents of MRR5 
hydrogel to human cells were examined. 
6. Chapter 7 presents the conclusions of the thesis, contributions of this study and 
recommendations for further research. 
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Chapter 2  
Literature Review 
In this chapter, the main research directions of biomaterials will be introduced first with the 
highlights on bioadhesives. Then the existing state-of-the-art bioadhesive materials will be 
reviewed. These bioadhesives are classified into three categories, i.e., chemically synthetic 
bioadhesives, natural-occurring tissue adhesives and protein based adhesives. The review will 
focus on recombinant proteins or peptides with excellent adhesive properties and porous 
morphology formation capacity. Also, the technologies for producing the recombinant 
proteins and the assay technologies for assessing cytotoxicity of biomaterials will be 
introduced in details. 
2.1 General introduction to biomedical materials 
Millions of people suffer from wounds every year. These wounds can be skin and surgical 
wounds, or traumatic damage of organs, nerves, tissues, bones, muscles, tendons and 
membranes [29]. Wound healing involves the closure of wounds or traumas, restoration of 
injured tissues and prevention of bleeding. Suturing and stapling are the traditional wound 
closure techniques. These techniques have a few critical drawbacks, such as, penetration of 
surrounding tissues, causing inflammation response [30], insufficiency to seal off gases and 
fluid, and scar tissue formation [31]. Besides, the application of these conventional techniques 
are not always possible [32] for the closure of wounds in many areas. For major traumas or 
surgical wounds, adhesives are needed for proper closure. Wound dressings are often made of 
porous materials to promote wound healing after wound closure by allowing for better oxygen 
permeability and providing efficacy in prevention of tissue dehydration and bacterial infection 
[33, 34]. Also, the dressing should be non-toxic, non-allergenic, seamlessly adhesive to the 
skin around the wound but easily removed upon healing [35].  
Many research efforts have been made to develop bioadhesive materials with high adhesive 
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performance in aqueous conditions (like inside body) to offer reliable, practical and fast 
methods for wound closure and healing with a minimized disruption to vascularization. 
Furthermore, various biomedical materials including natural-occurring or artificial materials 
with particular properties have been developed for the replacement or implanting of impaired 
tissues or organs  and drug delivery [7].   
   As implants have limited lifespan while the life expectance keeps increasing, the focus on 
replacing impaired or damaged tissues has shifted to the regeneration of tissues in order to 
achieve a very long-term repair [36], resulting in the rapidly evolving tissue engineering today, 
which is the design and construction of living and functional components for the regeneration 
of diseased, injured or lost tissues. Scaffolds, as one of the major parts of tissue engineering, 
provide supports for stem cells to retain, proliferate and differentiate [37].  
2.1.1 Tissue scaffolds 
Tissue scaffolds play a vital role in tissue engineering, by serving as an adhesive substrate and 
physical support for the implanted cells to retain, proliferate, differentiate and form new 
tissues or organs. So material selection for scaffold fabrication and scaffold morphology are 
very important in tissue engineering [37, 38]. Basically, tissue scaffold must meet the criteria 
including: 1) the material should be able to be processed into a three-dimensional structure 
with an interconnected porous network as a template for cell retention, transportation of 
nutrients, elimination of metabolic waste and hence cell growth [36]; 2) the materials should 
possess certain mechanical properties that can comply with those of the underlying tissues [36, 
39]; 3) the material should be biocompatible and biodegradable. 
Considering the easy control over biodegradability and processibility, synthetic polymers, 
proteins, polypeptides, and polysaccharides have been widely used as scaffolds for tissue 
engineering. Especially, proteins and polypeptides with amino acid sequences are beneficial 
to cell attachment and function and thus have a great potential for tissue engineering. 
Moreover, for the tissue engineering to skeletal tissues, such as bone and cartilage, the 
mechanical properties of scaffolds should be adequate to withstand load, hence, the scaffolds 
should have sufficiently high interatomic and intermolecular bonding to achieve high strength 
and conformational stability for the tissue engineering applications involving bones and 
cartilage [38, 39]. Interestingly, some recent research works have reported that adhesive 
surface of tissue scaffold is very beneficial to cell attachment, retention, proliferation and 
differentiation.   
2.1.2 Wound healing 
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Wound healing involves wound closure, restoration of the injured tissue or organs and 
prevention of bleeding and invasion by microorganisms. Bioadhesive is one of the major 
research topics in biomaterials used for wound closure and dressing. Wound closure is 
immediately needed to seal off gases and fluid and stop bleeding after skin or organ is 
damaged. To promote wound healing, wound dressing is used to allow the evaporation of 
wound exudates, prevention of tissue dehydration and protect wounds from microorganism 
invasion as well as oxygen permeation.  Therefore, wound dressing materials are required to 
have the capacity of preserving moisture at the wound interface, allowing for gas (oxygen) 
permeating, preventing microorganism invasion and removing excess exudates. Also, the 
dressing should be non-toxic,  seamlessly adhesive to the skin around the wound but easily 
removed upon healing [35]. Traditional dressings include natural or synthetic bandages, 
cotton wools, lint and gauzes. 
The usage of synthetic polymers as wound dressings dates back to half a century ago, 
when polyethylene film was used to cover wounds and facilitated epithelialization. As a 
certain extent of moisture and warm environment has been shown to be favourable to wound 
healing, various wound dressing materials have been developed accordingly. For example 
polyurethane is frequently used as wound dressings for its barrier property and oxygen 
permeability, but significant fluid accumulation can occur under the dressing which 
suppresses wound healing.   Many research works have found that semi-permeable films are 
more preferable in wound healing; In addition, some synthetic polymers were used to 
fabricate adhesive films as wound dressing, but this kind of wound dressing is difficult to 
apply and results in the accumulation of excess exudates under the wound dressing [33, 34]. 
For traumas or surgical wounds inside the body, especially those involved with high 
hydraulic pressure, high pneumatic pressure and high force, gases and fluid should be sealed 
off. As conventional suturing and stapling techniques are often insufficient, bioadhesives are 
needed for a proper closure of these wounds. The basic requirements for tissue adhesives 
include no or low toxicity and strong adhesion to the underlying tissue. Furthermore, water or 
air tightness is required for wounds in aqueous conditions inside the body.  
2.2 Bioadhesives 
These materials for bioadhesives should meet a number of requirements, including 
biocompatibility, sufficient adhesive strength  and ability to maintain adhesion under wet 
conditions [29]. For instance, bone fracture is a common trauma that affects the physical 
activities and causes great pain of patients. Especially, comminuted fracture of bones leads to 
small bone chips that are hard to reinstate or fix with screws or pins. Therefore, a soft 
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bioadhesive is required to fulfil these repairing tasks [40, 41]. Apart from strong adhesion 
with water-resistance for this adhesive to withstand normal force impact, including stress or 
stretch caused by normal motions, porous network structures are also needed to facilitate the 
healing process of broken bones, which are skeletal tissues with three-dimensional porous 
structures, and hence broaden the application range of this bioadhesive to wound dressings 
and tissue scaffolds [33, 39]. Specifically, a porous structure is preferably required for the 
bioadhesive in order to improve cell retention, migration and proliferation and hence provide 
a supporting structure (scaffold) for the replacement of damaged or lost tissues (tissue 
regeneration) in the injured area [34, 38], and allow for better oxygen permeability as well as 
prevent tissue dehydration in the applications of wound dressings [42]. Therefore, desirable 
properties for novel bioadhesives include strong water-resistant adhesion, biocompatibility 
and porosity. 
It is anticipated that bioadhesives with these desired properties would be very valuable for 
a broader range of applications involving surgery (renal, dental, ophthalmic and neural) 
wound and trauma closure, comminuted bone fracture repairing, wound dressing. Some 
research works have found that the active interactions between bioadhesives and proteins 
prevalent in cells and tissues  elevate cell attachment and proliferation on a scaffold, and 
enhance the affinity of drug delivery system to cells and tissues [29]. Therefore, in addition to 
wound closure, bioadhesives can also be used as an adhesive coating or constitute scaffolds 
for better cell attachment and retention [43], and drug delivery [44]. 
2.3 Existing state-of-the-art bioadhesives 
State of the art bioadhesive materials designed for wound closure will be described with their 
advantages and disadvantages. These materials, including those on the market and some latest 
developed materials reported in scientific literatures are categorized in three classes, i.e., 
chemically synthetic adhesives, natural-occurring tissue adhesives, namely polysaccharides, 
and protein based bioadhesives, which use proteins as bases. 
2.3.1 Chemically synthetic bioadhesives 
Synthetic bioadhesives are normally synthetic monomers, prepolymers or noncrosslinked 
polymers that experience polymerization or crosslinking to form an insoluble adhesive 
material during application. Multiple parameters involved with their three-dimensional 
structure and chemical composition can be tailored to expose the functional groups which can 
interact with biological tissues and hence results in adhesion [45]. 
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2.3.1.1 Polycyanoacrylates 
Polycyanoacrylates were found [46] and firstly applied as superglues in households, 
automotive and construction industries. The application of polycyanoacrylates in wound 
closure was reported in 1960s [47], and several polycyanoacrylate tissue adhesives have been 
commercially available since 1980s. They are all medical polycyanoacrylate formulated with 
long alkyl chains and applied in wound dehiscence, cosmetic outcome and infection 
prevention [48-50]. When contact with wet tissues, polycyanoacrylates polymerizes into a 
solid film to bind wound edges through two independent mechanisms: (1) formation of 
covalent bonds with proteins exposed on the tissue surface and (2) infiltration of 
cyanoacrylate monomers into cracks and channels in the tissue surfaces called as mechanical 
interlocking [45]. 
The prevalence of polycyanoacrylate adhesives in medical applications is ascribed to their 
advantages including low cost, easy setting [29], and high and tuneable adhesive strength  
[48]. The adhesive strength is inversely correlated to the length of the alkyl chain (side chain), 
while shorter side chains provide more flexibility and longer side chains give higher 
polymerization (rigidity) [51, 52]. However, polycyanoacrylates can trigger a histotoxic 
reaction, not to mention its poor mechanical properties [51, 53]. The glue becomes brittle 
after polymerization, making them inapplicable for long incisions and skin creases [48]. 
Beside, internal application of polycyanoacrylate adhesive remains a problem as its 
cytotoxicity that inhibits wound healing and even carcinogenicity [51], hence, its application 
is restricted to topical skin injuries.  
2.3.1.2 Poly (ethylene glycol) (PEG) 
Poly (ethylene glycol) (PEG) is favoured in medical applications since it is water-soluble and 
biocompatible.  The functionalized end groups of PEG-based adhesives interact with the 
functional groups such as amine groups in the proteinaceous matrix in the tissue, thus 
providing adhesion [45]. The first developed PEG-based bioadhesive was composed of PEG 
as a middle block, and poly (dl-lactic acid) (PLA) or poly (glycolic acid) (PGA) as outer 
blocks. The self-assembly property of this copolymer in an aqueous environment was 
accomplished through the aggregation of the hydrophobic outer blocks and the hydrophilic 
linking (PEG) between these hydrophobic blocks, thus enabling fast polymerization of the 
material. This polymerized copolymer was actually non-adhesive to tissues, but a network 
formed between the material and the tissue in contact with the material in the polymerization 
process, resulting in an adhered complex [54]. Nonetheless, this ABA-triblock copolymer is 
far from a sufficient bioadhesive for practical applications. So a second ABA-triblock 
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copolymer, using poly (trimethylene carbonate) (PTMC) instead of PLA as the outer blocks, 
was applied in combination with the first one to confer appropriate mechanical properties to 
the resulting adhesive, which was used to seal air leaks after surgery [55]. The polymerization 
of these PEG-based copolymers required irradiation, and other PEG photopolymerizable 
adhesives worked in the same manner and could also be applied in ventricular wall [56]. 
However, the polymerization process might generate free radicals that caused damage to 
healthy tissues [29]. 
Therefore, the subsequent commercially available PEG-based adhesives were composed of 
two individual components, which spontaneously formed a cross-linked gel upon mixing [51, 
57]. These tissue adhesives were either applied in combination with suture or used alone for 
surgical wound closure or haemostasis [58, 59], whereas the adhesive strength was still too 
weak to fulfil advanced repairing tasks; and the large swelling index limited their application 
in bone structures due to the oppression of nerves [5, 60]. Another PEG-based adhesive has 
been developed as an antiadhesion agent with excellent adhesion to wet tissue surfaces. 
However, they were difficult to handle since the fast crosslinking upon mixing of the two 
individual components might result in the blocking of the dual syringe spray. In addition, the 
cross-linked adhesives exhibited very weak internal strength due to the poor mechanical 
properties of PEG [29]. The major disadvantages of these PEG-based tissue adhesives include 
poor mechanical and adhesive properties, not to mention that PEG is costly. Considering 
these weaknesses, these adhesives are usually applied as surgical tissue tapes or in 
combination with but not as a replacement of sutures, which restricts their applications. 
2.3.1.3 Polyurethanes (PUs) 
The prevalence of PUs in tissue adhesives is attributed to their outstanding characteristics, 
namely thermal stability at physiological temperature and the absence of haemolytic 
behaviour of these synthetic polymers [61]. PU-based adhesives are usually composed of 
isocyanate-terminated prepolymers that adhere to tissue through the formation of urea bond 
(covalent bond) between available isocyanate groups and amine in tissue proteins, and 
undergo polymer networks reacting with water molecules when contact with biological 
environment [45]. The FDA approved PU-based adhesive, TissuGlu®, is intensively applied 
in surgeries for abdominal tissue bonding in combination with the prevention of post-surgery 
fluid accumulation [31, 62]. This Lys-derived urethane glue is easily applied and 
performances crosslinking within 25 minutes, providing the surgeon enough time to close the 
abdominal skin. This adhesive is claimed to be safe to use. PUs are also used in bone fixation, 
haemostasis and water tightening of vascular grafts in surgeries, but accumulation of the 
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hydrophobic component of the adhesives may cause problems during application [63, 64], and 
possible formation of poorly biocompatible degradation products limits the application of PU-
based adhesives in biomedicine [45]. More recently, a PU-based adhesive NPU-PEG-X has 
been described as highly adhesive with biocompatibility and biodegradability. However, 
although the adhesive strength of this adhesive is as high as 415.0 ± 48.8 and 94.0 ± 2.8 kPa 
for aluminium substrate and muscle tissue, respectively, it remains relatively low compared to 
that of DOPA-inspired polymers [65]. 
2.3.1.4 Polyesters 
Two aliphatic polyesters, namely poly (ε-caprolactone) (PCL) and poly (lactic-co-glycolic 
acid) (PLGA), have been extensively used in biomedical applications as tissue adhesives. 
PCL can be either end-functionalized with different isocyanate groups or modified with 2-
isocyanatoethylmethacrylate (IEMA). Therefore, the adhesion mechanism of polyesters 
resembles that of PU-based glues, involving the covalent interactions between the isocyanate 
groups with the amine groups of biological tissues. After crosslinking, the obtained adhesives 
bond two pieces of gelatin together through the interpenetrating network with the tissue, and 
the glued section keeps intact while the mechanical failure occurred in the gelatin matrix 
under pulling pressures [66, 67]. More recently, the PLGA-based tissue adhesive 
TissuePatch™ has been commercialized, aiming for the prevention of air leakage after lung 
surgery or fluid leakage after surgeries on soft tissues. The adhesion of the patch is 
accomplished by the covalent bonding between the patch and the amine groups within the 
protein on the tissue. This process can be finished within a minute. It is one-step applied, 
fluid-tight and low cost [68], but the multilayered structure and patchy design demonstrate 
that this polymer may cannot be used as a free standing adhesive and this has limited its 
applications at many places inside the body.  
2.3.1.5 Dendrimers and hyperbranched polymers 
Dendrimers are highly branched and symmetrical polymers grown from a central core. The 
extra branching layer provides a large number of functional groups at the periphery, which 
provide adhesion by interacting with the available groups (i.e., amines) in tissue surfaces, and 
this makes dendrimers attractive materials of bioadhesives though they have not been 
approved or commercially available [69]. Dendrimers are actually copolymers mainly 
composed of a linear PEG, a dendritic poly (glycerol succinic acid) (PGLSA) and functional 
surface groups, which are usually methylmethacrylate (MMA) that gives rise to a varied of 
dendritic structures. They can be applied as an aqueous solution including photoinitiator to 
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lacerations and bind the underlying tissues through a interpenetrating network forms during 
their polymerization into hydrogels [70].  
Different PEG monomers with varied molecular weights as well as different concentrations 
of the polymers were compared and the resultant tissue adhesives could replace traditional 
suturing to close a corneal incision in in vitro studies, while a major drawback of these 
bioadhesives was the requirement for an argon laser to induce the polymerization, which 
might lead to damages to surrounding tissues [71, 72].  
Therefore, a tissue adhesive with spontaneous crosslinking was developed. The adhesive 
contains two components which crosslinked with each other in three minutes and closed 
corneal incisions successfully in in vitro studies [73], and the degradation time of this 
adhesive was tuneable through using different aldehydes for the end-functionalization of the 
PEG chains . Another extensively investigated adhesive was developed based on 
hyperbranched poly (ethylene imine) (PEI) and an NHS-activated poly (ethylene glycol). 
However, it is cytotoxic. Even though it could be modified into a linear structure, the obtained 
hydrogels exhibited no adhesion [29, 74].  
2.3.1.6 Nature-inspired bioadhesives 
More recent development of bioadhesives has been inspired by naturally derived adhesive 
proteins and reversible adhesion mechanism. In the past decade, the robust wet-resistant 
adhesion of mussels and reversible adhesion of geckos have been incorporated into synthetic 
polymers to yield novel adhesives. 
Mussel-inspired bioadhesives 
The proteinaceous glue of mussels, a common marine invertebrate living in rocky and wet 
conditions, has been extensively investigated. It is known that mussels can adhere to a wide 
range of surfaces, namely metals, alloys, metal oxides, plastics, and even the anti-adhesion 
agent TEFLON in saline conditions [75]. In contrast, synthetic polymers usually stick to 
surfaces in dry conditions, but not in wet environment, especially underwater [76]. Therefore, 
mussel adhesion has become a typical case for obtaining insights into underwater adhesion as 
well as for bionic research. Simultaneously, materials scientists have been trying to reproduce 
these glues for medical usage as tissue adhesives. 
Mussels stick to underwater surfaces through the thread-like byssus, which is composed 
of a stem located in the soft tissue of the mussel, a stiff but elastic thread, and an adhesive 
plaque (pad) that directly contact with a surface (Figure 2.1 B). Mussel adhesive proteins 
(MAPs) are a family of mussel foot proteins from Mytilus galloprovincialis (mgfps) or 
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Mytilus edulis (mefps). These proteins have been found in mussel byssuses and are associated 
with the adhesion function. Six of them have been identified and intensively investigated 
(mgfp-1 to mgfp-6). Each protein plays a specific role in the holdfast of a mussel (Table 2.1) 
[77]. More investigations have shown that, amino acids lysine and tyrosine are intrinsically 
associated with the adhesiveness of mussel byssi to various substrates. The tyrosine residues 
are posttranslationally modified to L-3, 4-dihydroxyphenylalanine (DOPA), which is the key 
element for underwater adhesion.  
The structural protein mgfp-1 comprises 75 copies of a decapeptide repeat motif. It coats 
the entire plaque and the terminal proportion of the thread [78], and is cross-linked by ferric 
iron ions into densely packed granules, resulting in highly stable complexes bis-Fe(DOPA)2 
and tris-Fe(DOPA)3 in the highly extensible cuticle of the thread and the plaque (Figure 2.1 
B). This indicates the critical role of iron ions in the self-healing process and stiffness of the 
cuticle [77]. The adhesive pad is in direct contact with substrates, and mgfp-3 and mgfp-5 are 
firstly deposited to prime the target surface and hence the other mgfps can adhere. As the wet 
adhesion of single DOPA to titania is demonstrated to be extraordinary [2], mgfp-3 and mgfp-
5 (with 20-30 mol% DOPA) are considered to have the optimal adhesive ability among these 
mgfps (Table 2.1). Besides, both mgfp-3 and mgfp-5 have high content of cationic residues 
including arginine (Arg) and lysine (Lys). This enables mussels bind to anionic substrates, 
such as rocks containing negatively charged silicates, and aluminates through Coulombic 
interactions in marine environment [77]. Apart from the high contents of DOPA and Lys, the 
adjacent positions of which along the backbone of mgfp-3 and mgfp-5 implies the significant 
role of lysine in the adhesion of DOPA to surfaces. More recently, a research showed the 
synergetic interactions of the amine (from Lys) and catechol (from DOPA) moieties in the 
process of surface priming to mineral surfaces, thus it was presumed that the amines displace 
hydrated salt ions from the surfaces submerged in saline and hence bidentate catechols can 
bind surfaces through hydrogen bonds [79]. In addition, the abundance of serine and 
phosphoserine residues indicates that mgfp-5 may have some unknown functions. Mgfp-2 is 
resistant to proteolysis and hence stabilizes the byssus cement. Mgfp-4 bridges the thread and 
plaque portion. Mgfp-6 in M. californianus may play a role of protecting DOPA in mgfp-3 
from oxidation, thus maintaining its adhesiveness before binding to the substrate [77]. 
Nevertheless, the catechol side chain of DOPA is active in a variety of physical and 
chemical reaction mechanisms, such as the interaction with metal that brings about high bond 
strength (about 800 pN) [2]. In addition, catechols undergo covalent reactions. It is certain 
that the activity of catechols for various surfaces contributes to the adherence with water-
resistance of mussel glue [80]. The setting process, namely the oxidization of catechols to 
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high reactive quinones and semiquinone species, and the further covalent crosslinking in 
seawater (pH ≈ 8.5) is needed for the permanent adhesion [77]. The DOPA-quinone can 
further react with primary amines and sulfhydryl groups [2, 81]. 
BA
C
 
Mussel foot proteins Molecular weight (kDa) DOPA content (mol %) 
mgfp-1 108 10-15 
mgfp-2 46 3 
mgfp-3 6 21 
mgfp-4 80 5 
mgfp-5 8.9 27-30 
mgfp-6 11.6 4 
Talbe 2.1 Molecular weight and DOPA content of mussel foot proteins [77]. 
Sparked by the excellent adhesion performance of mussel, researchers started to investigate 
into the reproduction of the water-resistant adhesion for practical applications, but the first 
challenge to face was tedious and labour-intensive extraction of MAPs with extremely low 
efficiency [82]. Alternatively, biomimetic mussel glues made of synthetic polymers 
containing DOPA moieties have been developed. As indicated by the lap shear testing,  PEG-
based polymers with DOPA end groups have significantly superior adhesion performance to 
that of fibrin gel and conventional suture with biocompatibility [83, 84], but it remains to be 
improved to fulfil a tissue defect in moisture conditions [85, 86], as well as HA- and chitosan-
based biomimetic materials [87, 88]. In addition, as PEG is the predominant base for these 
mimetic practices, the aforementioned drawbacks of this polymer also account here. 
Figure 2.1 Distribution of mefp-1 to 
mefp-6 within a byssus, and amino 
acid composition of mefp-3 and 
mefp-5 from M. edulis. (A) A mussel 
sticking to a glass surface; (B) 
Distribution of mefps in a byssus; (C) 
Amino acid composition of Mefp-3 
and Mefp-5 [2]. 
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Concurrently, a copolymer with catechols and ammonium groups was designed to mimic 
MAPs. The glue could be obtained via crosslinking of the material, and the adhesion 
performance of the glue was related to the content of ammonium groups. The optimal 
adhesive strength as indicated by the lap shear testings in wet conditions was 0.4 MPa when 7% 
of ammonium was used [89]. More recently, the catechol-containing polymer poly (3,4 – 
dihydroxystyrene-co-styrene) has been developed. Lap shear testings showed that the catechol 
content was positively correlated to the bulk adhesion of the material until the point of 33% 
which brought about the adhesive strength of 3 MPa and 7 MPa before and after crosslinking 
with IO4
-
, respectively. This result demonstrated that the copolymer poly [(3, 4 – 
dihydroxystyrene)33%-co-styrene67%] was the strongest glue among mussel adhesive mimics 
[90]. Although the polymers introduced above showed excellent adhesion in wet environment, 
it was notable that these adhesives still had some problems and challenges that should not be 
neglected, including cytotoxicity and the use of toxic oxidizing agents for setting. 
Another family of excellent synthetic bioadhesives iCMBAs relied on the one-step 
polycondensation reaction of citric acid, PEG and catechol-containing monomers, i.e., 
dopamine or L-DOPA. These citrate-based mussel-inspired adhesives were described as low 
cost and biocompatible with controllable degradability and high adhesive strength for wet 
tissues, which were 2.5-8.0 folds stronger over fibrin glue, but were not comparable with that 
of poly (3,4 – dihydroxystyrene-co-styrene). These citrate-based adhesives could stop 
bleeding instantly and close wounds of 2 cm long × 0.5 cm deep created on the back of 
Sprague-Dawley rats with facilitated wound healing and no serious inflammatory response, 
while the relatively low adhesive strength of them was not likely to achieve wound closure 
during the vigorous movement of body parts such as joints and bones [91]. 
Inspired by the recent analyses against the adhesive fracture energy of individual mussel 
plaque [92], and the cement proteins of sandcastle worms [93], the latest research focuses on 
the integration of catechol chemistry, polyelectrolyte complexes and supramolecular 
architecture. The designed complex system is composed of catechol-functionalized poly 
(acrylic acid) (PAAcat) and quaternized chitosan ion-paired with bis (trifluoromethane-
sulphonyl) imide (Tf2N
-
) (QCS-Tf2N), which is soluble in dimethyl sulphoxide (DMSO). The 
complex system was firstly dissolved in DMSO, and then deposited to surfaces under water. 
Coacervation was triggered by the DMSO-water exchange, resulting in underwater glue with 
high density, high diffusivity and low interfacial tension, which are desired properties for 
adhesion in watery conditions [94], while the adhesive ability of the material to bond wet 
tissues is yet to be determined. Moreover, although the ‘solvent exchange’ strategy can 
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circumvent the detrimental effects of moisture to the adhesive, it is hard to implement in 
practical applications because the initial solvent (DMSO) is cytotoxic.  
Geckos-inspired bioadhesives 
Apart from mussel adhesive proteins, the adhesion mechanism of geckos also has inspired the 
design strategy of synthetic adhesives. The ability to move freely on vertical surfaces of 
geckos relies on their pads consist of 20 μm foot-hairs (setae) which are split into 200 nm 
wide spatulae (Figure 2.2). The hierarchical structure of the setae enables them to adapt to the 
microscale roughness of a surface and hence allows the intimate contact of the spatulae and 
the surface. This intimate contact enhances the short-range van der Waals interactions, which 
is therefore described as the bond forces the gecko adhesion arises from [95]. However, the 
contribution of capillary forces cannot be neglected since the adhesion of a single spatula 
varies with humidity and is weakened greatly under water [96].  
 
Figure 2.2 Hierarchical structure of the gecko adhesive system. (a) Abdominal view of a Tokay gecko 
(Gekko gecko) climbing a vertical glass surface. (b) Ventral view of a foot of a Tokay gecko, showing 
the setal area (in yellow circle) bearing (c) 1 million foot-hairs (satae). (d) SEM image of a single seta 
composed of an array (hundreds) of nanoscale spatular tips [97]. 
Novel adhesive strategies considering the topography of gecko-foot were developed to 
obtain reversible adhesives. Researchers believed that the recycled adhesion of gecko feet 
could be realized in synthetic mimics by reminiscing the nanoscale features of setae, whereas 
it was almost impossible to maintain adhesive performance over many cycles [98-104]. 
Besides, it was conceivable that the adhesive nanostructures of gecko feet, which relied on the 
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van der Waals and capillary forces, should be able to re-bond dynamically following fracture 
[97]. However, synthetic tissue adhesives incorporating the gecko adhesive nanotopography 
showed good adhesion on dry surfaces, while depending on the coating of polysaccharides or 
synthetic polymers mimicking mussel adhesives proteins to achieve sufficient adhesion to 
tissues in watery conditions, although these tissue adhesives were optimized to be 
biocompatible and biodegradable [96, 105].  
The bioadhesives introduced above are the representative polymers developed for wound 
healing applications. They generally exhibit poor to moderate adhesion to tissue with 
cytotoxicity, such as polycyanoacrylates. Some have the downsides of poor adhesive strength, 
large swelling index and expensiveness, such as poly (ethylene glycol). To this day, 
chemically synthesized polymers remain to be the dominant candidates for bioadhesives, with 
the notable trend involving copolymers functionalized with DOPAs or the nanotopography of 
gecko feet. Some of these novel copolymers possess desired properties for either underwater 
adhesion or reversible adhesion on dry surfaces with biocompatibility and biodegradability, 
but the adhesion performance of these materials for bonding wet tissues remains 
undetermined or decreases dramatically under water, and the cytotoxicity of the used solvent 
or oxidizing agent for setting need to be overcome. In addition to these synthetic polymers, 
some natural complexes are an important source for fabricating bioadhesives.  
2.3.2 Natural-occurring tissue adhesives 
Polysaccharides are natural mediators of adhesion and researchers have found many industrial 
and pharmaceutical applications for natural-occurring materials. The adhesivity of these 
adhesives is related to their hydrophilicity, hemostatic activities or electrostatic interactions 
with underlying tissues [106, 107].  
2.3.2.1 Chitin and chitosan 
The well-known chitin derives from the exoskeleton of invertebrates and the cell wall of fungi. 
Partial deacetylation of chitin results in chitosan. The antimicrobial properties and nontoxicity 
of both chitin and chitosan enable their potential applications in wound healing, as well as 
drug delivery, tissue engineering and cancer treatment [108]. Chitin and chitosan especially 
benefit wound healing with positive charges that attract red blood cells, and hence accelerate 
blood clotting in the absence of platelets or coagulation factors [109]. The currently used 
chitosan-based adhesives employ the modified chitosan to increase its solubility in water, the 
resultant hydrogel gives accelerated wound healing and sealing of leakage [110, 111]. The 
major shortcomings of chitosan are low solubility and poor adhesion that limit its applications.  
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2.3.2.2 Dextran 
The polysaccharide dextran is a branched glucan composed of chains with varying lengths. It 
is usually used in combination with PEG and chitosan. Copolymer dextran-PEG is 
biocompatible and non-histotoxic [112-114]. A shortcoming of this adhesive is that a large 
amount of the material is needed to close an incision, and hence foreign body response would 
probably occur. Though this problem had been overcome through some adjustments and the 
resultant material would be commercially available adhesion prevention, another significant 
issue was that the material was instable in water which led to the vulnerable adhesion of the 
adhesive in watery conditions [115]. The dextran-chitosan polymer also was a promising 
adhesive for preventing adhesion between tissues with antimicrobial ability [116, 117]. 
Nevertheless, none of these dextran-based materials were applied as free-standing tissue 
adhesives for wound closure, demonstrating that the adhesion of these materials to tissues 
might be poor. 
2.3.2.3 Chondroitin sulfate 
Chondroitin sulfate (CS) is a sulfated polysaccharide consists of glucuronic acid and N-
acetylgalactosamine groups in an alternating sequence. As an important component of 
cartilage, chondroitin sulfate provides cushioning to alleviate the impact and friction caused 
by joint activities [118], and thus it is a favourable choice for wound healing applications with 
biocompatibility. However, chondroitin sulfate itself is neither cross-linkable nor adhesive to 
tissues so that additional functional groups had to be introduced to obtain CS-based adhesives 
[119], which were used as bridging agents in the regeneration and healing of damaged 
cartilage [120]. Nevertheless, the irradiation required for the crosslinking of these hydrogels is 
harmful to healthy tissues. Therefore, a second polymer had been combined with chondroitin 
sulfate, resulting in a biocompatible copolymer that polymerized without irradiation, while 
the watertight sealing performance of this hydrogel was no different from that of sutures [121]. 
Another chondroitin sulfate-based cross-linked hydrogel employed PEG. This biocompatible 
material needed only 49 s to form gel at body temperature. The adhesion of this hydrogel to 
tissues was still poor though it was seven times stronger than that of fibrin glues, which is 
normally used as a haemostat rather than an adhesive  [122, 123].  
2.3.2.4 Hyaluronic acid (HA) 
Hyaluronic acid is an anionic, non-sulfated polysaccharide, and is one of the major 
components of extracellular matrix and vitreous gel in the eye. As it provides support to cells 
for proliferation and migration, it has been preferably used for wound healing with 
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biocompatibility. However, the hyaluronic acid-based hydrogel needed irradiation for 
polymerization though it could seal a 3 mm corneal incision with almost normal levels of 
intraocular pressure in the first 24 hours [124-126]. Alternatively, sodium hyaluronate, the 
sodium salt of hyaluronic acid, had been commercialized for the application of adhesion 
barrier after surgery [127, 128].  
In summary, natural polysaccharides are biocompatible and biodegradable. This favourable 
property enables their applications in wound closure and wound healing. Polysaccharides 
have drawbacks as well, namely solubility issues and the lack of adhesion because of the lack 
of moieties for attaching tissue, hence additional groups have to be introduced.  
2.3.3 Protein-based adhesives 
Several naturally derived proteins, namely fibrin, collagen, gelatin and albumin are widely 
used as the bases of bioadhesives to close bleeding wounds. The adhesion of these protein-
based adhesives is connected with their haemostatic properties which assist the coagulation 
process. The adhesive mechanism of these adhesives involves the simultaneous formation of 
covalent bonds with the tissue surface without any other chemical reagents that trigger 
crosslinking reactions [45].  
2.3.3.1 Fibrin and collagen 
Fibrin is a fibrous protein presents in human blood. It involves in blood clotting process, and 
has long been used for haemostasis in surgery [29]. The modern fibrin glues are composed of 
thrombin, calcium ions, factor XIII, and fibrinogen, the predecessor of fibrin before the 
cleavage by thrombin. Thrombin is also required to activate factor XIII that subsequently 
catalyses the crosslinking in the fibrin polymer clot, and calcium ions are needed for the 
whole process [129]. In addition, aprotinin is usually added to suppress fibrinolysis. 
Fibrinogen and thrombin are stored separately before being applied [130]. In addition to 
haemostasis agent in cardiovascular surgery, fibrin glues are used as adhesives in thoracic, 
cardiovascular, brain and lung surgery [129-131].  
Nevertheless, fibrin adhesives have their own downsides in surgical applications. Firstly, 
they derive from human plasma and may be contaminated by infectious agents, i.e., viruses or 
prions. Secondly, their adhesive strength is usually poor, comparing to synthetic polymeric 
adhesives. Thirdly, their polymerization requires dry surfaces, and the polymerization interval 
of the components is usually short. Although collagen has been added as a scaffold to induce 
the formation of fibrin, the polymerization between collagen and fibrin still needs fluid-
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contact [132]. Fourthly, fibrin has intrinsically poor conformational stability, and crosslinkers 
have to be introduced to enhance the crosslink density [133].  
Collagen is the major protein in the connective tissue of the body. As aforementioned, it is 
usually used as a water-soluble structural support for thrombin and fibrin. The collagen-based 
adhesives have combined the properties of fibrin clotting with the mechanical support of 
collagen for fast and reliable haemostasis. These adhesives have been extensively used on 
burn patients, and in bone reconstruction, dental, orthopaedic and surgical applications [134-
138]. However, collagen-based adhesives have the same issues as that of fibrin glues, namely 
contamination of infectious agents and allergenic reactions since they both derive from human 
or bovine blood.  
2.3.3.2 Gelatin 
As the denatured collagen, gelatin is also used as bioadhesives. Currently, the most well-
known commercial gelatin-based adhesive, GRFG glue, is used in a wide variety of areas, 
including sealing of air leakage after lung surgery [139], liquid leakage after urinary track 
surgery, and aortic dissection treatment, whereas its major drawbacks, including inconvenient 
use and requirement for toxic crosslinkers, limit its applications [140]. The subsequent 
introduction of nontoxic crosslinkers into partly modified gelation (with cholesterol groups 
for enhanced adhesion) has led to adhesive strength that is 7-fold stronger than that of the 
control material without cholesterol, but the adhesion was still relatively poor [141].  
2.3.3.3 Albumin 
As the most abundant plasma protein, albumin has been used in a similar manner as gelatin in 
sealing applications. The commercial albumin-based glue uses glutaraldehyde, one of the 
crosslinkers for GRFG glue, as the crosslinker. Crosslinked network forms within 20-30 s 
immediately after the mix of albumin and glutaraldehyde. This adhesive is mainly used in 
sealing of acute aortic dissection, and cardiac and vascular surgeries. Its disadvantages 
include cytotoxic effects due to the toxic crosslinker, and the relatively slow crosslinking 
process that causes flow of reactive species and hence blocks blood vessels. Furthermore, 
bovine albumin used in this adhesive can cause immune response. Infections after its usage 
and neurotoxic effects were also reported [51, 142]. Although the subsequent study for the 
removal of the toxic crosslinker had obtained a gel formed in 8 s, the problem of  poor 
adhesive strength could not be ignored [29].  
The proteins mentioned above are all extracted from the abundant natural sources. The 
advantages for these proteins as bioadhesives are biocompatibility and biodegradability, while 
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the disadvantages include poor adhesion, high sensibility to fluids, possible introduction of 
infectious agents and allergenic reactions. 
2.3.4 Summary 
Synthetic adhesives, such as polycyanoacrylates, are generally not suitable for medical 
applications as they are associated with cytotoxicity, poor resorption and brittleness. Although 
some of them are proved for topical use, the internal applications remain to be controversial. 
Some newly developed synthetic adhesives, such as dendrimers, also have limitations, 
including requirement for harmful irradiation, low to moderate adhesive strength and 
cytotoxicity. The latest research on polymers or copolymers functionalized with catechols 
(inspired by mussel adhesive proteins) has obtained exciting progress on the adhesion 
performance, while the studies on wet tissues are yet to be supplemented or the adhesion 
performance remains to be insufficient for some advanced wound healing tasks. Studies on 
gecko adhesive feet provide insightful understanding of reversible adhesion, thus enabling 
novel designs of adhesives with hierarchical nanostructures; but recycled adhesion of these 
adhesives is yet to be improved and their wet-resistant adhesion relies on the coating of 
polysaccharides or polymers mimicking mussel adhesive proteins.  Besides, cytotoxicity 
remains to be a major problem for most of these copolymers. Natural occurring 
polysaccharides, such as chitosan, are biocompatible and biodegradable, while their major 
drawback is poor adhesion. Natural-occurring proteins are biocompatible and biodegradable, 
while the poor adhesion hinders their applications as bioadhesives, not to mention infectious 
agents are possibly introduced and the usage of toxic crosslinkers. 
Importantly, while strong water-resistant adhesion, conformational stability and porosity 
are highly desirable, none of these existing bioadhesive materials, especially the FDA-
approved products (Table 2.2), have considered elevating water-resistant adhesion with 
interatomic or intermolecular bonding and introducing porous structures, although some of 
them have exhibited very high adhesive strength (7 MPa) in wet environment. Therefore, a 
novel bioadhesive is proposed in order to fulfil different wound healing tasks with strong 
adhesive property, conformational stability as well as the ability to permeate oxygen while 
protecting tissues from dehydration as wound dressings; and promote cell retention, migration 
and proliferation and hence tissue regeneration in the wound area as tissue scaffolds.    
Concurrently, proteins/peptides discovered in nature, particularly mussel adhesive proteins, 
resilin and R5 peptide, become promising candidate materials to fulfil the unmet requirement 
for bioadhesives (Table 2.2). However, the natural sources for mussel adhesive proteins, 
resilin and R5 peptide are limited, and the concentration of these desired proteins in the 
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sources is usually very low. It is therefore cost-intensive, laborious and even impossible to 
extract these proteins, whereas chemical synthesis of proteins is associated with size 
limitations and cytotoxicity [28]. Even if the candidate proteins can be obtained through either 
of the above two methods, blending of these proteins into desired materials can be very 
difficult. Therefore, recombinant DNA (rDNA) techniques have been recognized as an 
emerging and promising approach to create new protein materials based on a wide range of 
beneficial genes discovered from different organisms in the nature. Substantial research 
efforts have been dedicated to taking advantages of the genes encoding mussel adhesive 
proteins, resilin and R5 peptide to fabricate excellent biomaterials, and the combination of 
these three proteins at gene level using rDNA techniques can circumvent the downstream 
problems in fabricating a desirable bioadhesive.  
Category Product Limitation 
Potentials to overcome the 
limitation 
Polycyanoacrylate Dermabond® 
 Histotoxic degradation 
products 
 Adoption of proteins that 
can be degraded into 
harmless products 
Poly (ethylene glycol) FocalSeal® 
 High degree of swelling 
 Weak adhesion 
 Employment of mgfp-5 
and pro-resilin which 
would provide stable wet-
resistant  adhesion  
Albumin & 
glutaraldehyde 
BioGlue® 
 Cytotoxic effects 
 Slow formation of 
hydrogel that can result 
in flow of the reactive 
species and blockage of 
blood vessels 
 Usage of photochemical 
crosslinking which 
induces fast formation of 
di-tyrosine crosslinks 
Fibrin Tisseel® 
 Poor adhesion 
 Immune response 
 Loss of adhesion on wet 
tissues 
 Poor mechanical 
properties 
 Incorporation of mgfp-5 
and pro-resilin for wet-
resistant adhesion with 
conformational stability 
and mechanical properties 
 Controlling the molecular 
size of the recombinant 
protein (≤ 50 kDa) 
Talbe 2.2 FDA-approved bioadhesives and their limitations. 
2.4 Recombinant DNA (rDNA) techniques for creating 
proteins 
Recombinant expression of proteins is built on rDNA constructions through molecular 
cloning techniques. Recombinant DNA technology is sometimes termed as chimeric DNA 
because it is usually consisted of DNA sequences from different species. Any species can be 
the source of the gene sequences used in the building of rDNA molecules. For example, 
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animal DNA may be combined with plant DNA, and human DNA may be joined to bacterial 
DNA. Chemical synthesis of DNA has been extended to create hybrid DNA molecules not 
known in the natural world. Therefore, almost any DNA sequence can be created through 
rDNA and synthetic DNA technologies, and the hybrid chimeric DNA molecules can be 
introduced into a wide range of living organisms for the production (expression) of the 
desired recombinant proteins in the host organisms. Normally, specialized vehicles, e.g. 
plasmids, are required to carry rDNAs, namely recombinant genes, into the host cells and then 
regulate the expression of these genes into proteins. It is preferable that the DNA sequences of 
recombinant genes are re-edited and optimized in accordance with the specific coding systems 
of the host organisms. In this section, the general procedure and state-of-the-art technologies 
regarding recombinant expression of proteins will be presented.  
The major steps in a general strategy of protein production by recombinant expression 
include creating a recombinant DNA, expression of the rDNA and purification of the 
recombinant protein (Figure 2.3). The rDNA sequences (recombinant genes) that code for the 
proteins of interest are put into plasmids, which are replicate and transformed into bacterial, 
fungal, plant or mammalian cells that are genetically modified for the production of 
recombinant proteins. Notably, a host organism should be determined and thus the 
recombinant gene encoding a desired protein can be analysed prior to synthesis, cloning and 
construction of the expression system with the determined expression plasmid and host 
organism. The desired recombinant protein is supposed to be produced by the host cells 
during culture. The recombinant protein can accumulate within the cells or be secreted into 
the culture medium. For most cases with bacterial hosts, such as Escherichia coli, 
recombinant proteins accumulate in the cytoplasm of the host cells, and cell lysis (cell 
disruption) must be performed for the extraction of the desired proteins. The physicochemical 
properties of the desired products determined the methods and buffers used in the extraction 
and purification process. In the following section, a number of examples of recombinant 
proteins with the desired properties for tissue adhesives, including recombinant mussel 
adhesive proteins, resilin and R5 peptide, are presented. 
2.5 Recombinant proteins with desired properties 
For a variety of organisms, their amazing abilities to survive disadvantage natural 
environment, such as wave-swept habitats, have long been associated with proteins, and a 
great deal of attention has been paid to the functional mechanism and the reproduction of the 
proteins due to their application value in industry, medicine and technology. Also, great 
efforts have been devoted to the mimetic platforms. These reproduced or mimetic products 
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enable characterizations and systematic analyses, and thus make easier understanding of the 
proteins of interest. In addition to adhesive proteins from marine mussels, resilin from 
arthropod, high performance materials from diatom Cylindrotheca fusiformis, honeybees, and 
spiders also have potential as new bioadhesives in medical area.   
 
 
Figure 2.3 General procedure and influencing factors for the production of recombinant proteins. 
2.5.1 Recombinant proteins with adhesion 
2.5.1.1 Mussel adhesive proteins (MAPs) 
Mussel adhesive proteins (MAPs) have been previously introduced in details in Section 
2.3.1.6. Recombinant production of MAPs in E.Coli received low yield in the beginning due 
to toxic effects of desired protein to E.coli cells and the diverse codon usage bias between 
species. Nonetheless, the obtained mussel adhesive protein mgfp-5 exhibited excellent 
adhesion capacity with water-resistance [143]. Then recombinant mgfp-3 was produced via 
the same host organism with adhesive ability comparable to that of naturally extracted MAPs, 
whereas inferior to that of recombinant mgfp-5 [82].  
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More recently, a novel hybrid mussel adhesive protein mgfp-151, incorporating six mgfp-1 
decapeptide repeats at each terminals of mgfp-5, was produced by E.coli with high yield 
(about 1g-purified protein per 1 l-pilot-scale fed-batch bioreactor culture). This recombinant 
protein was found biocompatible and displayed good adhesion to insect and mammalian cells, 
which was comparable to that of Cell-Tak
TM
, a commercialized mixture of naturally extracted 
mussel adhesive proteins [144]. Then Lim et al. produced highly purified and condensed 
mgfp-151 using complex coacervation with hyaluronic acid, resulting in a hybrid mussel glue 
with strong adhesive strength (3.17 ± 0.51 MPa) on aluminium surfaces, which was stronger 
than that (1.98 ± 0.40 MPa) of uncondensed products [145, 146]. Despite the excellent 
adhesive ability of mgfp-151, the challenge to fulfil the mechanical and conformational 
stability remained. Therefore, inspired by the elastic property of resilin [4], dityronsine 
crosslinks were introduced into the tyrosine-rich mgfp-151 (～20 mol%) to confer stable 
conformation and hence enhanced adhesiveness to the material. As a result, a hydrogel 
LAMBA made of cross-linked mgfp-151 was obtained with good adhesiveness to wet tissues 
(72.2 ± 3.7 kPa). Wound closure and healing had been achieved by using the LAMBA 
hydrogel with minimal inflammation. This research demonstrated that recombinant MAPs 
without modification of tyrosine residues to DOPAs still possessed strong adhesive property, 
while it was notable that the modification of tyrosine to DOPA with tyrosinase encountered 
the problems of low modification yield and instability of DOPA-containing recombinant 
MAPs [147]. 
2.5.1.2 Spider web glue 
The microscopic droplets of glue coating the spider web is reckoned as a multi-functional 
system which couples adhesion with extension, and this is thought to be a common design 
principle of natural adhesives (Figure 2.4 B) [148]. The droplet is a complex mixture of 
glycoproteins, viscous small molecules (sugars, neurotransmitters, amino acids and peptides) 
and salts. Research shows that the stretchiness of these droplets enables the web to capture 
prey and then retain it [149].  
Sugars found in the glycoproteins are thought to be responsible for the adhesiveness of 
glues secreted by other organisms [149]. Besides, glycoproteins have been found to confer 
elasticity to the capture silk of orb-weaving spiders. More interestingly, a glycoprotein found 
in the Nephila clavipes possesses a similar sequence to elastin [148]. All of these indicate that 
the glycoproteins found in the droplets contribute to the viscoelasticity of the spider web. 
Further research of spider web glues proceeded towards the identification and recombinant 
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expression of related genes, and then detailed interpretation of structure-property relationships. 
Identified genes encoding constituents of spider web glue proteins are briefly reviewed below. 
 
Figure 2.4 Scheme of cobweb structure. (A) Different types of spider silk, in which thread is 
constructed by very strong silk. (B) Droplets of spider glue on a silken thread. The outer viscous coat 
and inner glycoproteins are visible [148]. (C) Spider glue at a web connecting joint [150]. 
Two subunits of the adhesive glycoprotein of golden orb weaving spider Nephila clavipes, 
ASG1 and ASG2 (38 and 65 kDa), were identified by Choresh et al. [151]. These two 
glycoproteins could be significant components of novel bioadhesives that held the potential in 
surgical and non-surgical wound healing, without toxicity, adverse reactions or immune 
responses of the body [152]. Concurrently, several sub units of the web glue from black 
widow spider Latrodectus hesperus were investigated. SCP-1 and SCP-2 were isolated from 
the aqueous glue that coated the silk. These peptides were composed of only 36 and 19 
residues after secretion. These two small peptides were found in the coating of a variety of 
silk fibres, including egg cases, gumfooted lines and scaffolding joints. They could be 
dissolved off the silk fibre samples with water, along with other unknown constituents within 
the coating glue, implying that SCP-1 and SCP-2 monomers were water-soluble but could be 
resistant to aqua conditions upon aggregation [153]. More recently, AgSF1 and AgSF2 were 
isolated from the scaffolding joints of webs (Figure 2.4 C), and this indicated their intrinsic 
networking properties. Sequence analyses showed that a part of AgSF1 was composed of 36-
mer repetitive blocks that were similar with the repeats found in elastin. Therefore, it was 
speculated that AgSF1 served as a cushioning spring, and AgSF2 might be a novel adhesive 
because it was observed to be extruded into a glue-like interface material that dried fast to 
glue individual scaffolding fibres together. These two proteins had been produced in E.coli 
through rDNA techniques. Recombinant AgSF1 displayed self-assembly into fibres, but 
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further characterizations at bulk-scale were yet to be performed due to very low productivities. 
Nevertheless, X-ray fibre diffraction (XRFD) study showed a high level of local structural 
order and axial alignment of post-draw (3.5 times of as-spin fibres) spin fibres. Unfortunately, 
the productivity of AgSF2 was too low to provide sufficient amount of samples for the 
fabrication and characterizations [150]. 
In summary, the recombinant proteins mentioned above can be promising materials for 
bioadhesives. As for the elastic and gluey recombinant proteins from spider web glues, further 
investigations into their production, structure-property relationships and in vitro or in vivo 
assays are yet to be carried out. The high yield production of recombinant MAPs enables the 
subsequent development of bioadhesives with facilitated adhesive performance on wet tissues 
via dityrosine crosslinking. However, from a practical point of view, it remains to be 
challenging to develop tissue glues with superior adhesion performance and porosity. 
2.5.2 Recombinant proteins with conformational stability 
2.5.2.1 Resilin 
Resilin is a common protein in the cuticle of arthropods. It was firstly found from the 
exoskeleton of locusts. The initial studies had unfolded the extraordinary mechanical 
properties of this protein, including excellent elasticity, flexibility and energy-saving (rubber-
like), which allow intensive flying (Figure 2.5 A), jumping, vocalization, feeding and quick 
reactions of insects [154-159]. Apart from the mechanical properties mentioned above, resilin 
harbours the significant physical properties of freeze and heat stability [160].  
A B
 
 
Figure 2.5 Natural resilin 
and cross-linked rec1-
resilin. (A) Fluorescence of 
resilin within the wing 
tendon of a dragonfly under 
white light and ultraviolet 
light; (B) Fluorescence of 
rod made of cross-linked 
rec1-resilin under white 
light and ultraviolet light 
[4]. The blue fluorescence 
showed the presence of di-
tyrosine crosslinks within 
resilin and crosslinked 
recombinant resilin (rec1-
resilinn) . 
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Further investigations demonstrated the cross-links, which were dityrosine and tri-tyrosine 
coupled by the methoxy groups, that stabilize resilin [161, 162]. In addition, the extremely 
fast coupling process in the cuticle as well as crosslinking level and efficiency depended on 
temperature [163]. Commonly used in vitro crosslinkers were peroxidase and hydrogen 
peroxide, but the resultant networks were inferior to that of in vivo crosslinks in the respects 
of crosslinking  level and effectiveness [164].  
It had been shown that the primary structure of Drosophila resilin precursor (gene product 
CG15920) was highly consistent with the prediction for its protein-chitin-protein morphology 
in the insect cuticle (Figure 2.6). It had been reported that resilin could fold into irregular and 
extended beta-spirals, which was similar to the situation of mammalian elastin that was 
reversibly deformable [165, 166]. However, circular dichroic investigations showed a multi-
conformational equilibria between polyproline-II, β-turn, β-strand and irregular structures, 
which were common structures among elastomeric proteins [167]. In addition, there was a 
strong correlation between the polarity of the resilin side chains and mechanical properties, 
namely more polar residues increased the resistance to fractures and decreased stiffness [168]. 
This confirmed the proposal that the hydrophilicity of proteins played an energetic role in 
elastic recoil due to the enhanced potential energy and hydrogen bonding between side chains 
and water [169].   
 
Figure 2.6 Schematic of CG15920 gene and the primary structure (amino acid sequence) of CG15920 
gene product. Motif sequence A comprises 18 repeats of a 15-residue consensus (GGRPSDSYGAPGG
GN), and motif sequence B is composed of 11 repeats of a 13-residue consensus (GYSGGRPGGQDL
G).The sequence of R&R chitin-binding domain (R&R ChBD) was similar to the Rebers-Riddiford con
sensus sequence, which had been shown to involve with the binding of protein to chitin in the insect cut
icle [165]. 
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Nevertheless, further understanding of resilin is required for the future applications of 
resilin-like polypeptides as biomaterials, which is a relatively new field of research. As the 
natural source of resilin is limited, the complete native protein from Drosophila melanogaster 
had been cloned and expressed under the regulation of T7-promoter in E.coli BL21 star (DE3) 
cells, and the resultant recombinant resilin had been characterized to gain a better 
understanding of the structural organization, chemical structure, and function of resilin [170]. 
With dityrosine crosslinks, the full length recombinant resilin exhibited superior resilience 
(96%) than that of rec1-resilin (92%) generated from exon I (Figure 2.5 B) [4], while the 
difference was insignificant. Recombinant production of exon I and exon III of Drosophila 
resilin had been carried out respectively to provide insight into their functional roles. Exon I 
of Drosophila resilin with dityrosine crosslinks exhibited 93% resilience while crosslinked 
exon III showed only 86% resilience. These results demonstrated that exon I played 
predominant role in the elastic mechanism of resilin, and it was therefore viable to reproduce 
exon I instead of the full length protein for obtaining the elasticity. With the coacervation 
feature of resilin-like proteins, a rapid, non-chromatographic purification method was used to 
isolate two recombinant resilin-like proteins, 16 repeats of AQTPSSQYGAP from Anopheles 
gambiae resilin and 16 repeats of a 15-residue consensus GGRPSDSYGAPGGGN from 
Drosophila resilin. Cross-linked Anopheles gambiae resilin-like protein was found to be 
highly elastic with a strain-at-break of 347%, modulus of 5.7 kPa, and resilience of 94% [171, 
172]. Tamburro et al., on the other hand, had synthesized a series of polypeptides with amino 
acid sequences inspired by resilin. A polypeptide composed of ten repeats of tetramer showed 
the tendency to aggregate into fibrillar structures, which provided an alternative to obtain 
resilin-like materials [173]. 
Driven by the outstanding resilience and elasticity of resilin, researchers developed 
recombinant resilin for a variety of medical applications. Crosslinked film of rec1-rsilin, 
which comprises 17 repeats of a 15-residue consensus GGRPSDSYGAPGGGN, exhibited 
excellent compression hysteresis and resilience (90%-92%) that surpassed the highly resilient 
poly-butadiene (80%) [4]. However, as hydration was critical for the mechanical function of 
resilin-like proteins, since dried gels were brittle, subsequent studies focused on the 
importance and degree of hydration on crosslinked hydrogels [174, 175]. Additionally, 
mechanical properties of hydrated resilin-like elastomers could be easily tuned through the 
degree of crosslinking and polypeptide concentration in the pre-hydrogel solution [176].  
Meanwhile, substantial efforts had been dedicated to enhancing the production level of 
recombinant resilin, namely rec1-resilin, in E.coli, considering that a large amount of the 
protein was needed for applications and characterizations. Almost all recombinant production 
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practices of resilin-like proteins were carried out using E.coli due to its safety, well-developed 
molecular toolbox and fermentation profile, and ease of genetic modification. By means of 
expression induced by IPTG in LB medium, the yield of rec1-resilin kept relatively low at 
first (15 mg/L culture volume). This situation was improved via step-wise induction using the 
combination of IPTG and lactose, and the yield had been increased to as high as 300mg/L 
culture volume [177], which enabled applications and detailed investigations on this fine 
protein.  
Apart from the properties mentioned above, rec1-resilin had exhibited coacervation (phase-
phase separation) in aqueous solution at low temperature, which in combination with the heat-
stable property led to highly pure rec1-resilin obtained from the E.coli lysate without complex 
purification procedure. This laid foundation for the economic-effective production, and 
applications of this excellent recombinant protein [178]. A well-developed photochemical 
crosslinking system was applied to fabricate highly elastic rubber-like adhesives from resilin-
like proteins. This system also applied to conferring conformational and mechanical stability 
to other proteins containing tyrosine residues, such as recombinant mussel adhesive protein 
mgfp-151 [147], with low cost, high efficiency, flexibility and simple operation [179]. It is 
anticipated that new generation adhesive can be fabricated based on peptide mimics.   
2.5.2.2 Honeybee silk fibroins 
Honeybee silk spined out from the larval labial glands of honeybees (Apis mellifera) had been 
found in the comb cell walls, and the stiffness and strength of the comb were greatly 
increased thereof [180]. Physical and mechanical tests showed the superior extensibility and 
toughness while inferior tensile strength of honeybee silk threads to that of the well-known 
silkworm fibres. Then a gene cluster encoding four similar highly helical fibroins (AmelF1-4), 
which were associated with the honey been silks, had been identified. Unlike spider silk 
proteins and silkworm fibroin, these four proteins were small (30-34 kDa) without repetition 
in the primary structures (amino acid sequences), which made them ideal candidates for 
recombinant production [181]. Detailed studies on the honeybee silk showed a tetrameric 
coiled coil conformation composed of predominantly α-helical proteins. It was highly 
possible that the tetrameric coiled coil correspond to the four fibroins that are expressed at 
equal levels [11].  
The recombinant production of honeybee silk fibroins was carried out in a common way, 
which was to express the four fibroins individually and then combine them during fabrication 
process. Notably, the dilute solutions of the recombinant fibroins had to be concentrated to 
ensure that the formation of secondary and tertiary structure of the resultant silk resembled 
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that of the native honeybee silk [11, 182]. For the recombinant production with E.coli, the 
yield of purified full length honeybee silk protein was up to 2.5 g/L ferment, while the 
individual fibroins accumulated as inclusion bodies within E.coli cells. After combining the 
concentrated solutions of recombinant AmelF1-4, twice fibre-drawing had obtained fibres 
with slightly higher tensile strength and much lower extensibility than that of the native fibres 
[11]. The similar molecular structure and amino acid composition indicated that there might 
be no significant functional difference among these four fibroins. Therefore, materials made 
of single fibroins had been compared with those generated from the combined fibroins and the 
native silk. The result showed that the mechanical properties of fibres made of AmelF3 
resembled that of the native silk [183]. The subsequent fabrication of AmelF3 led to nano-
fibres that enabled the survival, attachment and proliferation of fibroblasts, indicating the 
potential of honeybee silk fibroins as biomaterials. Besides, the production process could be 
simplified by the fabrication of single fibroins into a desired material [184].  
Finally, the genes encoding silk fibroins were found to be highly conservative in bee, ant 
and hornet species for over 150 million years, implying the unique functional status of each 
fibroin. These fibroins were smaller than the fibrous silk proteins of spiders and silkworms, 
thus enabling full length recombinant production with high yields in E.coli. However, the 
development of downstream manufacturing approaches depended on the understanding of 
self-assembly mechanism of the native silk, which was yet to be well-studied [185]. 
2.5.3 Recombinant proteins with strength 
2.5.3.1 Spider dragline silk proteins 
The well-known spider dragline silk (Figure 2.4) is indeed an extraordinary material that is 
strong as steel, lighter than carbon fibre, and can be stretched 40 % beyond its original length 
without breaking. Numerous investigations showed that the amazing properties of spider silks 
owed to the fibroin proteins (spidroin 1 and 2, otherwise known as MaSp1 and MaSp2) that 
constituted a hybrid microstructure within the silks [186]. With the high tensile strength and 
elasticity, spider silk proteins held the potential in a wide range of technical applications from 
surgical materials to bulletproof vests [10]. 
However, a ‘spider farm’ could not be sufficient to provide silk proteins for industrial use. 
Therefore, the cDNA clones encoding the silk proteins MaSp1 and MaSp2 of the orb-web 
spinning spider Nephila clauipes had been isolated, hence enabling the reproduction of these 
proteins through recombinant expression in microorganisms [187], plants [10], mammals 
[188], and silkworms [189]. However, none of these attempts provided desired materials that 
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resembled the natural-occurring silks. The large size (250-320 kDa) and a serious bias in 
glycine residues content (44.9%) had limited the production of recombinant MaSp1 and 
MaSp2. More recently, recombinant silk proteins of nearly native size was produced with 
metabolically modified E.coli through rDNA techniques. However, it must be admitted that 
the full length recombinant spider silk proteins were still very difficult to obtain, let alone the 
high yield production, thus limiting wide applications of these proteins [6]. 
2.5.3.2 R5 peptide 
Diatoms are famous for silica biomineralization which confers silica exo- and endo-skeletons 
with sophisticated patterns at nano-meter or micro-meter scale (Figure 2.7). Kröger et al. have 
found a group of polycationic peptides with a molecular weight ranging from 4 to 17 KDa in 
the cell walls of diatom Cylindrotheca fusiformis. These peptides were then designated as 
silaffins due to their affinity to silica. It was shown that these peptides made up about 50 μg 
per milligram of dry weight of cell wall EDTA-SDS-extract, indicating that silaffins could be 
the most abundant protein in the diatom cell wall. SDS-PAGE analyses had separated silaffins 
into three components, which were termed as silaffins-1A (4 kDa), silaffins-1B (8 kDa) and 
silaffins-2 (17 kDa). A high degree of homology among the peptides of silaffins-1A and 
silaffins-1B was demonstrated by N-terminal primary structure analyses. As for silaffins-2, 
unidentified phenylthiohydantoine (PTH) derivatives were obtained through primary structure 
analyses, which indicated a higher degree of posttranslational modification of silaffins-2. In 
addition, the ability of individual silaffins to induce rapid precipitation of silica in silicic acid 
solution had been proved, and the amount of silica precipitate was positively related to the 
quantity of silaffins added to the solution. More interestingly, a network of spherical silica 
particles with diameters of 500-700 nm was generated by silaffins-1A. Nevertheless, when the 
whole family of silaffins was applied, much smaller silica particles (diameters < 50 nm) could 
be obtained [3].  
The further bioinformatics analyses of the N-terminal of silaffins-1B obtained a 795-bp 
gene sil1, which encoded a 265-amino acid polypeptide sil1p (Figure 2.8). Aside from the 
signal peptide on the N-terminal and the negatively charged domain in the middle part, the C-
terminal of sil1p was composed of seven repeat units (R1-R7) with strong basicity. These 
repeat units were cleaved off sil1p to generate seven individual peptides (R1-R7 peptides) in 
the in vivo proteolytical process. These peptides were actually silaffins. Most notably, the C-
terminal amino acid residues (RRIL or RRNL) of repeat units R3 to R7 were cleaved off and 
thus generating five identical 15-mer peptides (SSKKSGSYSGSKGSK), which participated 
in silica biogenesis of diatoms [190]. R5 peptide (SSKKSGSYSGSKGSKRRIL) represented 
 41 
 
these identical peptides before the proteolytic cleavage. Posttranslational modifications of 
silaffins included polyamine chains (up to 20 repeated units) on the ε-amino group of the first 
and the fourth lysine residues, and phosphate groups on almost all resides (Figure 2.9). The 
modification by ionized groups led to the accumulation of both positive and negative charges, 
resulting in the zwitterionic structure of native silaffins, hence enabling the formation of 
supermolecular assemblies [1, 191, 192]. 
 
Figure 2.7 Electron microscopic images of cell walls from different diatom species, including (A) 
Cylindrotheca fusiformis, (B)/(C) Coscinodiscus asteromphalus and (D)/(E) Thalassiosira pseudonana 
[190]. 
 
Overall, the polycationic silaffins, which contained a high portion of serine (hydroxy amino 
acid) residues, were ideal agents for the polycondensation of silicic acid and precipitation of 
Figure 2.8 Primary structure of 
sil1p. The italics indicated the 
signal peptide (residues 1 to 
19). The regular type 
represented the highly acidic 
peptide sequence (residues 20 
to 107), and the bold part 
showed the mature polypeptide 
(residues 108 to 271), which 
was composed of seven highly 
homologous repeat units (R1 to 
R7). Arginine and lysine 
(highlighted part) residues were 
predominant in this part [3]. 
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biogenic silica according to the inference that cationic polymers and hydrogen-bonding 
polymers were the possible agents involved in silica precipitation [193]. Besides, the 
polyamine side chains of silaffins were similar to the polyamine structures that had been 
found to catalyse silicic acid polymerization, and promote silica flocculation[194, 195].   
 
As synthetic R5 peptide (pR5), which was free from the posttranslational modification 
described above, had been proved to be able to precipitate silica into nanosphere structure in 
neutral or alkaline (pH ≥ 7) silicic acid solution under ambient conditions, it was then 
applied to the in vitro silica deposition experiments [190, 196] to verify its potential in 
technological applications [197]. Concurrently, the molecular mechanism for this 
nanofabrication was under investigations [198-200]. Notably, a more recent finding revealed 
that at least six novel proteins (cingulins) were included in the diatom silica-forming organic 
matrix (micro-rings). Furthermore, this work demonstrated that the preassembled protein-
based templates might be the general form for silica morphogenesis in diatoms [201].   
Inspired by the findings in biosilicification of diatoms, investigations had been performed 
into the function of repeated amino acid sequences in the biogenesis and formation of 
complex metal oxide or oxide in nanostructure [202, 203]. More recently, for obtaining 
materials with enhanced strength, novel protein chimeras composed of silk construct 
(consensus repeats of spider dragline silk protein MaSp1 or natural silkworm silk) and a silica 
binding peptide (KSLSRHDHIHHH) inspired by R5 peptide were produced via rDNA and 
chemical approaches. The chimeras exhibited silica condensation in the absence of amine 
groups within the polyamines of the peptides, and the rate of silica formation could be tuned 
by changing the peptide type, while the previous chimera of R5-spide silk protein had 
achieved silica deposition with positive charges [204]. More novel chimeras were created 
afterwards for the studies that focused on the aggregation and scaffolding of silica. These 
studies provided a general approach to tune the morphology and properties of the composite 
Figure 2.9 Chemical 
structure of natSil-1A 
(native form of silaffins-
1A) [1]. 
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materials through variable silk constructs, peptide identities and synthesis methods (genetic or 
chemical) [205].  
2.5.4 Summary 
The recombinant proteins introduced above have received substantial attention from 
biomedical materials researchers due to their excellent properties. However, it is still an open 
research question to develop bioadhesives with a combination of properties including strong 
water-resistant adhesion, conformational stability, porosity and biocompatibility for 
biomedical tasks involving wound healing and tissue engineering. To this end, a recombinant 
protein incorporating mussel adhesive protein mgfp-5, pro-resilin and R5 peptide can be 
generated through rDNA techniques. Specifically, the mussel adhesive protein mgfp-5 is 
expected to function as an interfacial adhesive; the pro-resilin, which is composed of 18 
repeats of a 15-residue consensus GGRPSDSYGAPGGGN from Drosophila resilin, is 
supposed to confer conformational stability to the desired protein; and the R5 peptide is 
proposed to facilitate the formation of porous silica skeleton of the protein material. 
Furthermore, it can be seen from the above introduction that E.coli is a widely used and cost 
effective platform for generating recombinant proteins, while there are still challenges for the 
expression of a chimeric gene comprising parts from three different sources (species). 
Truncated products and low production yields due to the amino acid bias of the target protein 
remain to be problems that should not be underestimated; not to mention the increased 
difficulty to isolate the recombinant protein with high purities due to the mutual effects 
among the three different functional modules of the recombinant protein, and the 
intermolecular interactions between the recombinant protein and undesired proteins from the 
host organism.  
2.6 State-of-the-art technologies for recombinant 
protein production in Escherichia coli 
Escherichia coli, a Gram-negative bacterium, has become the most prevalent prokaryotic 
expression system for both laboratory-based research and industrial production. It is the first 
microorganism that is well-studied in the aspects of genome and physiological metabolism, 
thus allowing sophisticated genetic modifications, and hence improvements of recombinant 
protein  production [206]. A wide variety of strains, expression vectors with various modified 
promoters and tags, and experience in fermentation procedures have been developed during 
the past half century, enabling the high-level production of recombinant proteins [207]. 
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However, there are still a number of challenges need to be overcome, including the instability 
of vectors and mRNAs, inefficient translation initiation and elongation, heterogeneity and 
instability of target proteins, and finally, inappropriate folding and inactivity of  the proteins.  
Nevertheless, E.coli has become the standard organism for the generation of recombinant 
proteins for medical purposes, such as pharmaceuticals and diagnostic enzymes provided that 
the target products do not require complicated post-translational modifications. It is 
noteworthy that biomaterials from protein-engineering using rDNA techniques with E.coli 
possess superior biocompatibility, and lower toxicity than their counterparts derived from 
chemical synthesis. The tuneable nature of protein-engineered materials enables more 
sophisticated designs at genetic level than nature-occurring materials. Therefore, E.coli, as a 
frequently used host organism, has made enormous achievements in the production of 
proteinaceous biomaterials [28, 208] with easy industrial scale-up [209].  
Numerous mutant and standard E.coli strains are available for varied research and 
production purposes. Correspondingly, various promoters and expression vectors (Figure 2.10) 
are provided for the expression of different recombinant genes. However, particular strains 
and promoter/expression plasmid systems, namely BL21 or its derivatives and T7/pET 
plasmids, are prevalent in the production of recombinant proteins for the biomaterials 
mentioned above, including rec1-resilin [4], recombinant mussel adhesive proteins [144], 
recombinant spider silk proteins [6], and recombinant honeybee silk proteins [11]. This 
indicates the dominant role of the specific strains and plasmids in the investigations into 
protein-engineering and high-throughput analyses of recombinant proteins.  
 
The pET plasmids are developed as the most powerful system for the recombinant 
expression of proteins in E.Coli. The powerful T7 promoter incorporated in pET plasmids 
functions in lysogen, such as strain BL21 (DE3), which contains the gene encoding 
bacteriophage T7 RNA polymerase under the control of inducible lac5UV promoter (the 
mutated lac I promoter). The transcription of a target gene is regulated and controlled by T7 
RNA polymerase (Figure 2.11). The lac repressor, which is the product of the lac I gene, 
Figure 2.10 A schematic map of a generic 
expression plasmid. An expression plasmid 
contains a replication origin (Ori), a gene that 
confers antibiotic resistance (Antibiotic), and 
an expression cassette, including a promoter, 
for regulating transcription and translation of 
target genes. Other elements, such as stability 
factors and the genes for mobilization and 
transfer, may also be included in some 
plasmids. 
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combines with the operator region –lac O in the absence of inducer, such as lactose or IPTG 
(isopropyl-β-d-thiogalactoside), to inhibit the expression of lac genes and the integrated T7 
RNA polymerase gene. So the target protein cannot be produced and the cells grow normally. 
The repressor leaves the operator region after the inducer being added, and the transcription 
of T7 RNA polymerase will be started, thus initiating the expression of the target gene, which 
is under the control of T7 promoter. 
 
Figure 2.11 Schematic of recombinant protein expression in BL21 (DE3) using T7 promoter-driven 
system. (A) The transcription of lacI repressor by the mutated chromosomal lacI promoter; (B) Lac I 
repressor binds to the lacI operator sequence upstream of the gene coding for T7 RNA polymerase; (C) 
Even less recombinant gene will be transcribed if the T7 promoter is followed by a lac operator; (D) 
The repression is immediately stopped upon the addition of IPTG, thereby initiating the production of 
T7 RNA polymerase; (E) The T7 RNA polymerase binds to the T7 promoter and begins the 
transcription of the target gene, resulting in the production of rec-protein [210]. 
T7 RNA polymerase is highly intensive for initiating the transcription of the downstream 
genes [211, 212]. As an expression system of exogenous proteins in E.Coli, the pET system 
possesses the advantages of high specificity and stable mRNA encoding T7 RNA polymerase 
with high translational signal. Therefore, pET plasmids have been developed as a commercial 
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system to elevate the efficiency of cloning, detection, expression of recombinant genes and 
purification of the target proteins.  
However, T7 RNA polymerase is so active that a small amount of target protein will be 
produced even without the addition of inducer. The basal level expression will cause 
maintenance difficulty for the plasmids that carry target genes if the target protein is toxic to 
the host cell, or the expression strain may be unstable or accumulate mutations [212-215]. So 
the lac operator is integrated into the downstream of T7 promoter to form the T7lac promoter 
to inhibit the basal level expression (Figure 2.11 C) [211]. As the platform for recombinant 
protein production, the shortcomings of E.coli include the lack of posttranslational 
modifications (i.e., glycosylation), the lack of secretion function for secretory proteins, and 
instability of expression plasmids and mRNA, and recombinant proteins [216]. These 
disadvantages lead to a complex condition that varies with the nature of desired proteins (i.e., 
molecular weight, amino acid composition and secondary structure), thus raising challenges 
to sequence optimization, expression regulation [206, 217], and enhancement of translation 
level [218-221] for a higher yield of authentic products through high cell-density culture 
(HCDC) and genetic modifications to the host organism [222]. 
2.7 In vitro cytotoxicity assays of biomaterials 
Cell and local tissue responses are of significant importance to the design and application of 
biomaterials. For the purpose of evaluating the cell and tissue responses to biomaterials, a 
variety of in vitro approaches are developed to measure the in vitro toxicity of the 
biomaterials to cells, which is determined through the death of cells or inhibition of cell 
proliferation [223]. These methods are classified into two categories including assay 
technologies measuring metabolic markers and flow cytometry, which are described in more 
details below. 
2.7.1 Metabolic markers 
Tetrazolium reduction assays 
The most commonly used tetrazolium reduction assays adopt a variety of tetrazolium 
compounds to detect and estimate the number of viable cells in multi-well plates. Four among 
these compounds are frequently used, including MTT (3 – (4,5 – dimethylthiazol – 2 – yl) – 2, 
5 – diphenyltetrazolium bromide), MTS (3 – (4,5 – dimethylthiazol – 2 – yl) -5 – (3 – 
carboxymethoxyphenyl) – 2 (4 – sulfophenyl) – 2H – tetrazolium), XTT (sodium 3, 3’– [1 
[(phenylamino)carbonyl] – 3, 4 – tetrazolium]– bis (4 – methoxy – 6 – nitro) benzene sulfonic 
acid hydrate) and WST-1 (2 – (4 – iodophenyl) – 3 – (4 – nitrophenyl) – 5 – (2, 4 – 
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disulfophenyl) – 2H – tetrazolium) [224].  
MTT is negatively charged and can readily penetrate viable eukaryotic cells, which makes 
this compound different from the other three that are negatively charged without penetration 
of cells. In specific, viable cells with active metabolism convert MTT into a purple colored 
formazan product which has a maximum absorbance at 570 nm. It is speculated that the 
reduction of MTT dependents on NAD
+
/NADH, which is a coenzyme found in all living cells 
with the function of transferring electrons [225] (Figure 2.12 A).However, as MTT-generated 
formazan product is insoluble, extra step is needed to solubilize the formazan crystal before 
absorbance measurement, and the process results in the low sensitivity of MTT assay as 
comparing to the other three tetrazolium compounds[226-229]. Moreover, MTT itself and the 
resultant formazan crystal have toxic effects to cells as previously reported [230, 231]. 
Therefore, although MTT tetrazolium assay technology keeps popular in academic researches, 
substitutive tetrazolium reagents are developed for higher sensitivity and convenience.  
A
B
C
D
E
 
Figure 2.12 Reaction scheme of (A) the reduction of MTT to formazan, (B) the reduction of MTS to 
formazan with pheazine ethyl sylfate (PES) as the intermediate electron acceptor, (C) the reduction of 
resazurin to the pink fluorescent resorufin product, (D) conversion of GF-AFC substrate to the 
fluorescent AFC by cytoplasmic aminopeptidase activity, and (E) the generation of light with APT and 
luciferase as the substrates [224]. 
More recently, the development of another category of tetrazolium compounds, including 
MTS, XTT and WST series, has simplified the assay procedure by generating soluble 
formazan products [232-237]. These assay technologies require the addition of intermediate 
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electron acceptor reagents that penetrate cells and transport electrons so that the tetrazolium 
compounds can be reduced to soluble formazan products in the cytoplasm or on the cell 
surface [238] (Figure 2.12 B). Although the used intermediate electron acceptors are 
potentially toxic to cells, the working concentration of these acceptors can be optimized to a 
narrow range depending on specific cell types and assay conditions. From an economical and 
convenient point of view, formazan-based colorimetric assays remain to be the most popular 
technologies to assess cell viability to determine the cytotoxicity of tested materials.  
Resazurin reduction assay 
The redox indicator resazurin is used to detect viable cells with a similar protocol to those of 
tetrazolium reduction assays[239]. Resazurin solution (in physiological buffers, deep blue 
colored) is added to the cell culture and then reduced into the resorufin product that is pink 
colored and typically measured under fluorescence, which gives slightly higher sensitivities 
than tetrazolium reduction assays(Figure 2.12 C). Intermediate electron acceptors are 
unnecessary but can be added if acceleration of signal generation is required in this assay 
[240]. Also, this economical assay can be integrated to other methods to obtain more 
information regarding the cytotoxicity mechanism. Nonetheless, problems exist for this assay, 
including fluorescent interference from the tested materials and the toxicity of resazurin to 
cells [224]. 
Protease viability marker assay 
A cytoplasmic aminopeptidase, which is used in essential cellular functions, acts as a marker 
of cell viability in the protease viability marker assay. Recently, a substrate for the protease, 
glycylphenylalanyl – aminofluorocoumarin (GF-AFC), was developed to detect the activity of 
the protease which only exit in viable cells. GF-AFC can penetrate cells, and the protease then 
removes the GF (gly and phe amino acids) to release AFC that emits fluorescence (Figure 
2.12 D). Unlike tetrazolium and resazurin indicators, GF-AFC is non-toxic to cells in culture, 
and hence resulting in the good correlation of this assay to other methods. Therefore, this 
assay technology can be combined with other methods to detect different factors leading to 
cell death. Furthermore, the incubation time (30 min to 1 h) of this assay is much shorter for 
obtaining an adequate signal than that of tetrazolium assays (1-4 h) [224].  
ATP assay 
It is known that cells lose the ability to synthesize adenosine triphosphate (ATP), and the 
endogenous ATPases exhaust the remaining ATP in the cytoplasm during lysis of cells. So 
ATP has been recognized as valid marker of viable cells and is measured with firefly 
luciferase. In the reagent added to the cell culture, a detergent lyses the cells; ATPase 
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inhibitors maintain the released ATPs and luciferase acts as a substrate (Figure 2.12 E). After 
decades of development, the ATP assay can obtain luminescent signal stabilizes for 10 min 
and glows for hours, as the improved versions of luciferase can stand detrimental effects of 
the detergent (35). As this assay is the fastest and most sensitive assay to determine cell 
viability, it is frequently used in high-throughput screening (HTS) with the elimination of 
incubation step. However, a disadvantage of the APT assay is that the reproducibility of the 
replicate samples can influence the sensitivity rather than the chemistry of the assay [224].  
The assay technologies introduced above are the most commonly used methods to 
determine the number of viable cells exposed to tested compounds or materials in culture. 
Tetrazolium and resazurin reduction assays provide economical choices with sufficient 
performances. Especially, assay technologies using tetrazolium compounds are relatively 
inexpensive, fast and simple. The protease substrate offers the possibilities to integrate with 
other assays without toxicity to cells. So far, the ATP assay provides the fastest way for 
estimating the viability of cells with the lowest level of interference. Although each of these 
assay technologies has its own advantages and disadvantages, it is essential to obtain 
successful results with reproducibility to adopt tightly controlled and consistent source of 
cells, use the appropriate concentration of the reagent and incubation duration [224].  
2.7.2 Flow cytometry 
Flow cytometry (FCM) is developed to obtain the data regarding cell cycle progression, cell 
apoptosis and cell death patterns through rapid scans on single living or dead cells which flow 
past excitation sources in a liquid medium in a FCM instrument [241, 242]. Although the 
assay technologies involving metabolic markers have been frequently used to determine 
cytotoxicity, they can hardly detect apoptosis that is known as a form of cell suicide with no 
significant cell lysis but can be detected via cellular morphology, proteins and genes. 
Therefore, FCM provides more accurate results in the evaluation of cytocompatibility of 
biomaterials as comparing to the assay technologies involving metabolic markers[242].  
For cytotoxicity assays, the performance of flow cytometry includes three steps. The first 
step involves preparations of reagents, cells and cell staining with fluorescent reagents. In this 
step, cells are prepared by exposing to the tested compounds or materials in culture for a 
period of time, such as 24 h, and then harvested for the modification of cell shapes from long 
spindle to round before staining with fluorescent reagents (e.g., proprium iodide – PI). After 
staining, the cells are ready for the second step flow cytometry that processes the stained cells 
pass through the detector within flow cytometry instrumentation. Data is collected from each 
individual cell for one or more parameters depending on specific experimental requirements. 
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The collected data are finally analysed to determine the toxicity of the test objects to cells 
[241, 242].  
FCM is a highly effective approach for quantitative analysis on single cells and cell 
separation. A vast number of cells can be processed at high speed and analysed with multiple 
parameters simultaneously. Compared to the traditional assays involving metabolic markers, 
FCM with fast speed and high accuracy has become a potential technology to detect apoptosis 
in cells exposed to biomaterials to determine their cytocompatibility.  
To sum up, cytocompatibility is one measurement of biocompatibility and a basic 
requirement for materials applied in biomedical tasks. Colorimetric and fluorometric methods 
introduced in section 2.7.1, which employ reagents and metabolic markers to generate signals, 
are the most commonly used, inexpensive and convenient approaches to assess the 
cytotoxicity of tested objects. However, for more accurate results, flow cytometry (FCM) is 
suggested as the methods to determine the cytotoxicity of the tested materials. Nevertheless, 
as aforementioned, the keys to reliable results with reproducibility are to adopt tightly 
controlled and consistent source of cells, and use the appropriate concentration of the reagent 
and incubation duration, no matter which assay technology is used.  
2.8 Summary 
In would healing and tissue engineering, sutures, wound dressings and tissue scaffolds are 
frequently used for wound closure, wound protection and healing, and tissue regeneration, 
respectively. The criteria for wound dressing materials include the capacity of preserving 
moisture at the wound interface, allowing for gas (oxygen) permeating, preventing 
microorganism invasion and removing excess exudates. For tissue scaffolds, the material 
should be able to be processed into a three-dimensional structure with an interconnected 
porous network as a template for cell retention, transportation of nutrients, and elimination of 
metabolic waste and hence cell growth; should possess certain mechanical properties that can 
comply with those of the underlying tissues; and should be biocompatible and biodegradable. 
As suturing technique has drawbacks of inevitable penetration of surrounding tissues, 
causing nerve damages and inflammation response, bioadhesives (tissue adhesives) have been 
developed to overcome these problems and provide fast and convenient wound closure. As a 
bioadhesive, a number of requirements should be met, including biocompatibility, sufficient 
adhesive strength and ability to maintain adhesion under wet conditions. In addition, strong 
adhesive property and the ability to form three-dimensional porous structure are preferred to 
the applications involving bone fractures. Therefore, proteins with high water resistant 
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adhesive strength, conformational stability and porous morphology can be very promising 
bioadhesive materials. Most of the existing bioadhesives are made of synthetic polymers, 
natural-occurring polysaccharides or proteins. Although these synthetic polymers can be 
obtained via mass production, their shortcomings, including cytotoxicity and low to moderate 
adhesion, limit their practical applications. The latest research indicated that strong adhesion 
insusceptible to water could be obtained through sophisticated techniques inspired by mussel 
and sandcastle worm holdfasts with catechol chemistry, coacervation of polyelectrolyte 
complexes and supramolecular architecture. However, adhesive performance on wet tissues 
and cytotoxicity of these materials had not been investigated; and the ‘solvent exchange’ 
required for setting these materials underwater could seldom be realized in practical 
biomedical applications. Natural-occurring polysaccharides are biocompatible, but their major 
drawback is poor adhesion. Protein based adhesives are biocompatible and biodegradable, 
while involving with poor adhesion, usage of toxic crosslinkers, possible introduction of 
infectious agents and allergenic reactions. 
Proteins with excellent properties found in different organisms in nature hold the potential 
as bioadhesive. However, natural extraction of these proteins is costly and laborious due to 
limited sources or low concentrations in nature, while chemical synthesis of peptides is 
associated with cytotoxicity and ultra-high cost [28]. Recently, recombinant DNA techniques 
have become a pathway to cost-effective production of novel proteins. With the advantages of 
safety, high growth rate, convenient culture and operation, and stable genetic characteristics, 
E.coli remains to be the most useful platform for production of proteinaceous materials. For 
example, a few beneficial genes such as mgfp-5 encoding mussel adhesive protein type 5 
(mgfp-5) had been expressed in E.coli to obtain water-resistant adhesive protein recombinant 
mgfp-5.  Then a recombinant gene encoding the hybrid mussel adhesive protein mgfp-151 
was expressed in E.coli; but the LAMBA made of mgfp-151 showed relatively low adhesive 
strength due to poor conformational stability although di-tyrosine crosslinks had already been 
introduced into LAMBA. The recombinant gene encoding exon I of fruit fly resilin (pro-
resilin) was expressed in E.coli; and the obtained pro-resilin exhibited good conformational 
stability and resilience due to di-tyrosine crosslinks and the extended structure of the protein, 
while possessing no water-resistant adhesive property. R5 peptide had also been combined 
with MaSp 1 (spider silk protein) through the expression of the corresponding recombinant 
gene in E.coli, and conferred silica-depositing ability to the electro-spinning silks made of the 
recombinant protein, but no porous network morphology was observed. 
It is significant to note that novel recombinant protein materials with strong water-resistant 
adhesive property and porous morphology can be generated through expression of a hybrid 
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gene composed of the genes encoding mussel adhesive protein type 5 (mgfp-5), pro-resilin 
from fruit fly and R5 peptide from diatoms with E.coli by using rDNA technologies. The 
resultant protein materials would hold a great potential to be used as bioadhesives in wound 
healing and tissue engineering. 
However, challenges remain for obtaining a recombinant protein composed of parts from 
different species (sources). Apart from truncated products, expression of the chimeric gene in 
E.coli can encounter low production yields because of the amino acid bias of the target 
protein and the difference between the codon biases of the three sources and the host 
organism. Moreover, detrimental effects of MAPs to E.coli cells can result in slow growth of 
E.coli and hence low expression level of the recombinant gene as previously reported [143]. 
The subsequent challenge is the difficulty to purify the recombinant protein from E.coli cells. 
Although the technical strategy for purification can be developed according to that of mussel 
adhesive proteins and pro-resilin, these existing methods are possibly invalid to the 
recombinant protein due to the intermolecular interactions between the recombinant protein 
and undesired protein from the host organism and the mutual effects of the different parts of 
the recombinant protein. Finally, applications of the recombinant protein as bioadhesives 
might exert toxic effects to human cells, and this requires evaluation of the protein with in 
vitro cytotoxicity assays.    
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Chapter 3 
Design and Expression of the 
Recombinant ProteinMRR5 
3.1 Introduction 
Discovery of beneficial genes and advent of recombinant DNA technologies have led to 
protein engineering and revolutionized the strategies for the production of novel proteins with 
desired properties. Choices of beneficial genes and establishing a stable and powerful 
expression platform are significantly important to an effective production of proteins with 
desired properties through rDNA techniques. E.Coli has been recognized as the most versatile 
platform for rDNA protein production, due to its many advantages including safety, well-
developed molecular toolbox and fermentation profile, and ease of genetic modification.  
In the last decades, to fabricate proteins with water-resistant adhesiveness, recombinant 
expression of various genes from mussels have attracted a lot of attentions due to the resultant 
recombinant proteins with adhesive ability to various surfaces under watery conditions, low to 
moderate molecular weights and high productivities. Moreover, the expression of the 
recombinant genes encoding pro-resilin and the fusion protein composed of 15-mer repeat of 
MaSp1(spider silk protein) and R5 peptide have been realized in a prokaryotic host, such as 
Escherichia coli with pET system in different research works [204]. 
However, given the recognized benefits of these three genes, there are very few reports to 
express their fused genes for production of novel high performance recombinant proteins as 
bioadhesives. It is challenging to express recombinant genes from three species. Usually, 
truncated protein products may be resulted by expressing a recombinant gene with 
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components from different species (sources). In addition, expression of the chimeric gene in 
E.coli can encounter low production yields because of the amino acid bias of the target 
protein and the difference between the codon biases of the source species and the host 
organism. Moreover, detrimental effects of mussel adhesive protein type 5 (mgfp-5) to E.coli 
cells can result in slow growth of E.coli and hence low production level of recombinant mgfp-
5 as previously reported [143]. 
In this chapter, we aim to develop a sophisticated rDNA technology with E.coli as the host 
organism to fabricate high performance recombinant protein materials with strong water-
resistant adhesive property and conformational stability to be used as bioadhesives in wound 
healing and tissue engineering. Specifically, we will design a recombinant gene which is 
composed of genes encoding water-resistant adhesive protein type 5 (mgfp-5) from 
Mediterranean mussel Mytilus galloprovincialis, pro-resilin (exon I of the whole-length 
resilin) from fruit fly Drosophila melanogaster and R5 peptide conferring strong silica 
skeletons of diatom Cylindrotheca fusiformis.     
Before the synthesis of the chimeric gene, its DNA sequence will be optimized to make this 
hybrid gene more adaptive to the translation system of E.coli, on the premise of unchanged 
amino acid sequence of the resultant protein. The synthesized gene will be then ligated with 
plasmid pET28a or modified pUC 57 and transformed into different E.coli strains. After the 
gene synthesis and the construction of the expression platform, different E.coli strains 
harbouring the chimeric gene will be grown under auto-induction conditions for producing the 
target protein within the E.coli cells.   
SDS-PAGE analyses will be performed to determine the optimal E.coli strain for the 
expression of the recombinant gene under auto-induction conditions. Furthermore, Western 
blot analyses will be conducted against the determined strain to ensure the biosynthesis of the 
target protein. With the determined optimal E.coli strain, investigations into the E.coli cell 
growth and the mRNA level of the target gene will be carried out with two different culture 
strategies, including auto-induction culture in ECM and log-phase induction culture in LB, 
which is a frequently-used culture strategy for producing recombinant proteins with E.coli, for 
comparison. 
The remainder of the chapter is organized as follows. Section 3.2 presents the protein 
engineering through rDNA techniques including gene design and DNA sequence optimization, 
and construction of the expression platform for the recombinant gene; auto-induction culture 
of E.coli for the biosynthesis of the desired protein; determination of the optimal E.coli strain; 
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and the studies on the production level of the desired protein. Section 3.3 provides the 
obtained data from the experiments and the related discussions. Finally, Section 3.4 
summarizes the work. 
3.2 Materials and methods 
3.2.1 Gene design 
3.2.1.1Designing the hybrid genemrr5 
For bioadhesives, protein materials with strong water-resistant adhesive property and 
conformational stability will be very valuable. In this study, the high performance protein 
material will be explored through rDNA techniques by integrating the outstanding water-
resistant adhesive property of mgfp-5 from mussels, high conformational stability of pro-
resilin from fruit flies [18 copies of the putative elastic motif (GGRPSDSYGAPGGGN) of 
Drosophila resilin] and silica skeleton inducing R5 peptide from diatoms. Specifically, in this 
design, mgfp-5 functions as an interfacial adhesive, pro-resilin plays a spring-like role and R5 
peptide is supposed to strengthen the whole design via the ability to induce the formation of 
porous silica network. Moreover, in the fused gene, R5 should be set on the C-terminal of the 
recombinant protein to ensure the cleavage of the four residues (RRIL) at the C-terminal and 
hence the silica skeleton inducing functions of R5. Therefore, the recombinant gene encoding 
the assembly of mgfp-5, pro-resilin (exon I of Drosophila resilin) and R5 peptide (Figure 3.1) 
was designed and designated as mrr5 (mgfp-5-resilin-r5). 
3.2.1.2 Sequence optimization of the hybrid gene 
E.coli was chosen as the host for recombinant expression of desired proteins. A weakness of 
heterologous gene expression was the different codon usage bias between the host and the 
donor species, reducing the translational efficiency to a great extent. Therefore, before gene 
synthesis, a sequence optimization was needed to alter the recombinant gene sequences to 
ensure the productivity level to be as high as possible in the given expression system – E.coli. 
As aforementioned in the literature review, available knowledge about the codon usage bias 
of E.Coli had been well established, the sequence of a target gene can be ‘rewritten’ 
according this ‘rule’. Analysis software Optimum GeneTM (Genscript) was used for sequence 
optimization, tunning a variety of parameters, including codon usage bias, GC content and 
repeat sequences, which were critical to the efficiency of gene expression. 
The chimeric DNA mrr5, wasynthesized by Genscript. 
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Figure 3.1 Schematic representation of the design for the recombinant protein MRR5 based on mussel 
adhesive protein mgfp-5, pro-resilin (from fruit fly) and R5 peptide (from diatom). 
3.2.2 Plasmid construction 
The gene mrr5 with the lac Z promoter and a hexahistidine affinity ligand at the 5’-end was 
synthesized and then amplified by PCR using primers (forward, 5’-
AAGCTCGAGCCATGGAGCGCTTACGTAGATCTATAGTTCATTAATGC-3’; backward, 
5’-TCCGGAGACGTCAGCTGCCCGGGCCCTAGGCTATAGTTACAGA).The amplified 
fragments were ligated to the EcoRV-digested plasmid pUC57 by enzymatic assembly[243], 
resulting in the pUC57/lac Z pro+mrr5 plasmid which was then isolated from E.coli Top 10 
cells with selection for 100 µg/ml ampicillin resistance(Amp
R
) (Figure 3.2). Then the gene 
mrr5fused with a hexahistidine affinity ligand was obtained by PCR amplification using 
primers (forward, 5’-TGTTTAACTTTAAGAAGGAGATATACCATGGGCAGCAGCCA; 
backward, 5’-TGGTGGTGGTGGTGGTGCTCGAGTGCGGCCGCTTACAGA-3’) from the 
plasmid pUC57/lac Z pro+mrr5 as a template. Amplified fragments were then ligated to the 
NcoI/NotI-digested vector pET28a by enzymatic assembly [243], resulting in the recombinant 
expression plasmid pET28a/mrr5 that was then isolated from E.coli Top 10 cells with 
selection for 100 µg/ml kanamycin resistance (Kan
R
) (Figure 3.3). The desired transformant 
was verified by DNA sequencing analysis (Genscript) using Applied Biosystems 3730 DNA 
analyser (ABI).  
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Figure 3.2 Schematic representation of the construction of PLY27 (pUC57/lac Z pro+mrr5). 
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Figure 3.3 Schematic representation of the construction of PLY26 (pET28a/mrr5). 
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3.2.3 Preparation of expression platform for the 
recombinant gene 
3.2.3.1 Extraction of the recombinant plasmids 
A freshly streaked LB-agar (supplemented with 100µg.ml
-1
kanamycin or 100 µg.ml
-1
 
carbenicillin) of E.coli Top 10-pET 28a/mrr5 or E.coli Top 10-pUC57/lac Z pro+mrr5was 
grown at 37℃ for 12 h. Then a single colony of E.coli Top 10-pET 28a/mrr5 or E.coli Top 
10-pUC57/lac Z pro+mrr5 was inoculated to 4 ml of LB (supplemented with 100µg.ml
-
1
kanamycin or 100µg.ml
-1
 carbenicillin) and grown at 37℃ for 12 h at 220 rpm. Cells from 2 
ml of the overnight culture were pelleted (12,000g for 10 min) for the subsequent extraction 
of the plasmid pET 28a/mrr5 or pUC57/lac Z pro+mrr5. The recombinant plasmids in the 
E.coli Top 10 cells were extracted using the High Pure Plasmid Isolation Kit (Jiecheng 
Biological Technology, Hangzhou) according to the instruction provided by the manufacturer. 
The concentrations of the obtained plasmids in TE buffer were then determined using a 
spectrophotometer, and then kept at -20 ℃.  
3.2.3.2 Preparation of E.coli competent cells 
Four different E.coli strains, including BL21 (DE3) pLysS, BW25113, BW25113 ΔClpP and 
BW25113 ΔClpX, were used to express the chimeric gene. Preparation of the required 
competent cells were carried out according the standard protocol [244]. Freshly streaked LB-
agars of BL21 (DE3) pLysS (with 34 µg/ml chloramphenicol-Chl
R
), BW25113(with Amp
R
), 
BW25113 ΔClpP (with KanR) and BW25113 ΔClpX (with KanR) were grown at 30 ℃ for 12 
h. After that, a single colony on each LB-agar was inoculated to 50 ml of similarly 
supplemented LB and grown at 30 ℃ for 12 h at 220 rpm. 25 ml of the overnight culture was 
used to inoculate 500 ml of similarly supplemented LB and grown at 30 ℃ at 250 rpm with 
the A600 being measured every 20 min. The 500 ml culture was placed in an ice-water bath for 
30 min immediately after the A600 reached0.35-0.4. A slow shaking was required from time to 
time to make sure the culture was fully cooled during the ice-water bath.  
Cells were pelleted by centrifugation (4, 000gat 4 ℃ for 5 min) from the cooled culture. 
The obtained pellet was washed with 500 ml of cooled Milli-Q water, 250 ml of cooled 10% 
glycerol, and 10 ml of cooled 10% glycerol. Then the cells were pelleted (4, 000gat 4 ℃ for 5 
min), and resuspended in 2 ml of cooled GYT (10% glycerol, 0.125% yeast extract and 0.25% 
tryptone) by gentle shaking instead of pipetting or vortex. For electroporation, the required 
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density of the competent cells was 2-3 × 10
10
/ml, meaning ～100 OD (1.0 OD = ～2.5 × 
10
8
/ml for most E.coli strains).After A600 measuring, the competent cells in GYT would be 
diluted to the required density with more GYT. 80 µl of the finally obtained competent cell 
suspension (in GYT) was transferred to a 0.2-cm cuvette for electroporation (2.5 kV, 200 Ω, 
25 µF). If the short circuit exists, the left suspension is washed again using cooled GYT until 
the conductivity of the suspension is low enough (< 5mEq).Finally the competent cell 
suspension was kept in 80-µl aliquots in 1.5-ml centrifuge tubes at -80 ℃ for the subsequent 
transformation. 
3.2.3.3 Transformation of the constructed plasmids into 
E.coli 
The recombinant plasmid pET28a/mrr5 was transformed into the E.coli BL21 (DE3) pLysS 
[F 
–
 ompT hsdSB (rB
–
 mB
–
)dcm (DE3)galλ pLysS (CamR)] (Novagen)by electroporation 
according to the standard protocol [244]. An aliquot (80 µl) of BL21 (DE3) pLysS competent 
cell suspension was placed on ice for thaw. 1µl of pET28a/mrr5(10 pg – 25 ng) in TE buffer 
was added to the thawy cell suspension, and the tube was left on ice for 60 s. The mixture of 
competent cells and pET28a/mrr5was then transferred to a 0.2-cm cuvette, which was then 
subjected to electroporation (2.5 kV, 200 Ω, 25 µF) with a Gene Pulser Xcell (Bio-Rad). 2 ml 
of warm SOC (37℃, 2% tryptone, 0.5% yeast extract, 0.05% NaCl, 2.5 mM KCl, 10 mM 
MgCl2 and 20 mM glucose) was added to the mixture in a 50-ml centrifuge tube immediately 
after the electroporation. The cells were grown at 37℃ at 250 rpm for 2 h for recovery.  
The culture from the last step was diluted by 10-fold, 100-fold and 1000-fold, respectively. 
100 µl of the diluted cultures were inoculated to SOB-agars with Kan
R 
and Chl
R
, which were 
then grown at 37℃ after the cultures were totally absorbed to the agars. Single colonies 
appeared on the agars in 16 h. For screening, ten single colonies were randomly picked and 
inoculated to 2 ml of similarly supplemented LB, respectively. Each culture was grown at 37 ℃
at 220 rpm for 6 h. Then a tiny fraction of the culture was diluted by 100-fold before being 
used as the template for a PCR amplification using primers (forward, 5’-
TAATACGACTCACTATAGGG-3’; backward, 5’-TGCTAGTTATTGCTCAGCGG-3’).  
The left part of each culture was kept at -80℃ in 10% glycerol in a 1.5-ml centrifuge tube. 
The PCR amplified products were subjected to an agarose electrophoresis analysis. The 
positive samples showed by the analysis were then sent to DNA sequence analyses for the 
final determination of the desired transformants.   
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As controls, the recombinant plasmid pUC57/lac Z pro+mrr5 was transformed into a 
variety of E.coli strains, including BW25113, BW25113 ΔClpP and BW25113 ΔClpX from 
the Keio Collection [245], in a similar manner as above. The desired transformants were also 
identified by PCR amplification using primers (forward, 5’-AGCGGATAACAATTTCACAC 
AGGA-3’; backward, 5’-CGCCAGGGTTTTCCCAGTCACGAC-3’) and DNA sequencing 
analyses. 
3.2.4 Expression of the recombinant gene under 
auto-induction conditions 
A single colony on a freshly streaked LB-agar (with Kan
R
 and Chl
R
) of E.coli BL21 (DE3) 
pLysS-pET28a/mrr5was inoculated into 5ml of similarly supplemented LB, and grown at 37 ℃ 
at 220 rpm for 12 h. 4 ml of the overnight culture was inoculated into 400 ml of auto-
induction medium (ECM) (Table 3.1) with Kan
R 
and Chl
R
 in a 2 L baffled flask. The culture 
was grown at 37 ℃ at 220 rpm in a drum rotator for 16 h. 
Component  Concentration (g/l) Component  Concentration (mg/l) 
IPTG 0.4 mM CaCl2
.2H2O 3.6 
Glucose 1 CoCl2.6H2O 2.4 
Glycerol 12.6 CuCl2.2H2O 0.85 
Tryptone  20 FeCl3.6H2O 5.4 
Yeast extract 20 H3BO3 0.3 
KH2PO4 8 MnCl2.4H2O 2 
K2HPO4 7 Na2MoO4.2H2O 4.8 
(NH4)2PO4 4 ZnO 2 
MgSO4.7H2O 1   
HCl (concentrated) 0.25 ml   
Table 3.1Composition of ECM used for auto-induction culture. The final concentration of tryptone, 
yeast extract, IPTG and carbon sources (glucose and glycerol) was modified for higher production 
level. 
ECM medium was an adaptation of the expression medium used for high yield expression 
of pro-resilin, which applied glycerol as the only carbon source at the first growth stage, 
lactose as an inducer and the only carbon source at the second and third growth stage. IPTG 
was merely used as the other inducer at the second stage [178]. By this method, the powerful 
induction of IPTG and its toxic effects to cell growth could be balanced rather than IPTG-
induction in LB medium.  
After culture, cells were collected by centrifugation (9000g, 20 min at 10℃)(Beckman 
Coulter, Avanti J-26XP). The cell pellet was then resuspended in lysis buffer by 1 g pellet 
(wet weight) to 3 ml buffer. The resultant cell suspension was then subjected to repeated 
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freeze-thaw from -80 ℃ freezer to 25 ℃  water-bath to accelerate the cell lysis for the 
subsequent protein purification. 
3.2.5 Western blot analyses 
Before isolating the desired protein from E.coli cells, it was necessary to confirm the 
expression of the recombinant gene in these cells. An aliquot (100 µl) of the cell suspension 
in lysis buffer was taken before and after the freeze-thaw cycles, respectively, for Western 
blot analyses. For the sample treated by the repeated freeze-thaw, the soluble protein fraction 
and insoluble cell debris fraction were separated by centrifugation (12,000g for 10 min), and 
the insoluble fraction was resuspended in 100 µl Tris-HCl (0.1 M, pH 8.0).  
Each sample (100 µl) was mixed with the same volume of 2× protein sample buffer (0.1 M 
Tris-HCl [pH 8.0], 20% glycerol, 4% sodium dodecyl sulphate (SDS), 0.2% bromophenol 
blue, 0.2 M dithiothreitol) in a 1.5-ml microcentrifuge tube, and heated up to 85 ℃ for 15 min. 
After centrifugation for 1 min, 15µl of the upper liquid layer was run on a 4-20% 
ExpressPlus
TM 
PAGE gel in 1x MOPS Running Buffer (pH 8.0) (Genscript) at 140 V and 100 
mA for 1 h.  
For Western blot analyses, proteins on the gel were transferred onto a nitrocellulose 
membrane (Genscript) using an electrophoretic transfer cell (Bio-Rad) at 100 V 350 mA for 2 
h. The following procedures were carried out using a ONE-HOUR Western kit (Genscript) 
according to the protocol provided by the manufacturer. The membrane was pre-treated using 
20 ml of pre-treat solution (mixture of 10 ml of pre-treat A solution and 10 ml of pre-treat B 
solution) for 5 min at ambient temperature with gentle shaking, and then washed by 15 ml of 
1× wash solution for twice. After that, the membrane was soaked in 10 ml of WB-2at ambient 
temperature with gentle shaking for 2 h. WB-2 contained the THE His Tag antibody, mAb, 
Mouse (Genscript) and the antibody for mouse (Genscript). After the hybridization with the 
antibodies, the membrane was rinsed with 15 ml of 1× wash solution, and then soaked in 20 
ml of 1× wash solution with gentle shaking for three times. After wash, the membrane was 
picked up with tweezers. The left wash solution was absorbed from the edge of the membrane 
with absorbent papers. Then the membrane was placed on a flat surface, and covered with 3 
ml of LumiSensor HRP substrate (Genscript) for 30 min for developing the 
chemiluminescence of the target protein. Finally, the membrane was scanned and the image 
was analysed using Quantity One software (Bio-Rad). 
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3.2.6 Evaluating the production level of the 
recombinant protein MRR5 under different culture 
conditions 
To evaluate the production level of the target protein MRR5, investigations into the cell 
growth and mRNA level were performed during the culture of E.coliBL21 (DE3) pLysS-
pET28a/mrr5in auto-induction medium ECM and LB with log-phase induction, respectively. 
To study the cell growth, optical density measurement was carried out against the E.coli 
culture using a spectrophotometer. For the mRNA level, reverse-transcription PCR and Real-
Time PCR analyses were performed with the extracted RNA from the cells during culture. 
The culture of BL21 (DE3) pLysS harbouring pET28a and pET28a/rfp with the gene 
encoding RFP (Red Fluorescent Protein) was analysed as the negative and positive control, 
respectively. 
3.2.6.1 Investigating the cell growth of E.coli under 
different conditions 
A single colony of E.coli BL21 (DE3) pLysS-pET28a/mrr5on a freshly streaked LB-agar 
(with Kan
R
 and Chl
R
) was inoculated into 3ml of similarly supplemented LB, and grown at 
37 ℃ at 220 rpm for 12 h. 1 ml of the overnight culture was inoculated to100 ml of auto-
induction medium (ECM) (Table 3.1)with Kan
R
and Chl
R
 and 100 ml of similarly 
supplemented LB, respectively, in a 500-ml baffled flask.  
The culture in ECM was grown at 37 ℃ at 220 rpm in a drum rotator for 16 h. ECM 
medium was an adaptation of the expression medium used for high yield expression of pro-
resilin, which applied glycerol as the only carbon source at the first growth stage, lactose as 
an inducer and the only carbon source at the second and third growth stage. IPTG was merely 
used as the other inducer at the second stage [178]. By this method, the powerful induction of 
IPTG and its toxic effects to cell growth could be balanced. For the cell growth, the cell 
density of the culture (at 2.5 h/3.5 h/ 7 h/11 h/13 h/16 h) was measured as A600 with a 
spectrophotometer.  
For the culture in LB, cells were grown at 37 ℃at 220 rpm in a drum rotator. The cell 
density was measured using a spectrophotometer every 30 min until the A600achieved ~0.6. 
Then the inducer IPTG (0.1 M) was added into the culture to a final concentration of 0.4 mM, 
and the cells were grown under the induction at 37 ℃ at 220 rpm in a drum rotator for 6 h.  
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3.2.6.2Investigating the mRNA level of the recombinant 
gene in E.coli cells under different conditions 
To investigate the mRNA level of the target gene in E.coli cells, Real-Time PCR analyses 
were performed with the reverse-transcription products of the total RNA extracted from the 
E.coli cells, which were grown under the two different conditions mentioned above. 
Extraction of the total RNA from E.coli cells 
For the extraction of total RNA, an aliquot (4 ml) of culture, from either auto-induction in 
ECM or log-phase induction in LB, was pelleted and resuspended in 2-4 ml RNAiso Plus 
(Total RNA extraction reagent, TaKaRa) by vigorous vortex. The homogenate was kept at 
room temperature for 5 min, and 0.4-0.8 ml of chloroform was added and mixed well. The 
mixture was then kept at room temperature for 5 min, followed by centrifugation at 12,000g 
for 15 min at 4 ℃. The upper layer supernatant was transferred to a sterilized centrifuge tube, 
and 2 ml of isopropanol was added to the supernatant and kept on ice for 30 min. Total RNA 
precipitate was collected by centrifugation at 12,000g for 10 min at 4 ℃ . The RNA 
precipitate was washed with4 ml of 75% ethanol and centrifugation at 7,500g for 5 min at 
4 ℃. After the total RNA was air-dried on ice, 100 μl of DEPC-treated water was added for 
dissolution. The extracted RNA was analysed by UV-absorption with a spectrophotometer 
(Thermo NanoDrop 2000), and agarose gel (1%) electrophoresis in 1× Tris-acetate-EDTA 
(TAE) buffer at 120 volts for 15 min. 
Reverse transcription 
Before reverse transcription, the genomic DNA in the extracted total RNA had to be removed 
through elimination reaction, which was carried out using the gDNA eraser, included in the 
PrimeScript
TM
 RT reagent Kit (TaKaRa), at 42 ℃ for 2 min. After the elimination of gDNA, 
the total RNA was analysed by agarose gel (1%) electrophoresis in 1× Tris-acetate-EDTA 
(TAE) buffer at 120 volts for 15 min, followed by stain with ethidium bromide (0.5 μg/ml) for 
10 min prior to visualization under ultraviolet light. Reverse transcription was carried out at 
42 ℃ for 15 min using the PrimeScriptTM RT reagent Kit (TaKaRa)and the antisense primers 
designed for the target genes (Table 3.2). 
Real-Time PCR analyses 
The RT (reverse transcription) products were used as the templates in the subsequent Real-
Time PCR analyses, which were performed with the Power SYBR Green PCR Master Mix 
(ABI) and the designed primers (Table 3.2). PCR cycles consisted of an initial denaturation 
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step of 3 min at 95 ℃, 40 cycles of the following two steps: a 5-s denaturation step at 95 ℃ 
and a 34-s annealing step at 62 ℃, and a dissociation step. The Ct (cycle threshold) values 
were recorded for further analyses. 
   The messenger RNA levels were normalized to that of 16S ribosomal RNA. 
Target gene (region) Primer  Sequence (5’-3’) Description  
Mgfp-5 OLY 84 GCAGCTATCACGGTTCAGGTT Sense primer 
OLY 85 GCCTTTGCGATGGTATTTACG Antisense primer 
pET28a OLY 88 ACAGCAGCGGCCTGGT Sense primer 
OLY 89 TAGCAGCCGGATCTCAGTG Antisense primer 
Rfp  OLY 90 AGCTGCCCGGCTACTACTA Sense primer 
OLY 91 CTACAGGAACAGGTGGTGGCG Antisense primer 
16S OLY 92 CAGCTCGTGTTGTGAAATGT Sense primer 
OLY 93 CGTAAGGGCCATGATGACTT Antisense primer 
Table 3.2 Primers used for the Real-Time PCR analyses against the target mRNAs. Genes: Mgfp-5, the 
gene encoding the mussel adhesive protein mgfp-5, which was a building block of the recombinant 
protein MRR5; Rfp, the gene encoding RFP (Red Fluorescent Protein). 
3.3 Results and discussion 
3.3.1 Sequence optimization of hybrid genes 
To make gene expression more efficient and obtain the desired protein without truncation, 62 
out of 84 codons with low usage rate (< %10) had been removed from the original sequence 
of recombinant genemrr5 by the analysis software Optimum Gene
TM
 (Genscript) (Figure 3.4). 
This E.coli codon usage analysis was carried out using the online software E.coli codon usage 
analyser 2.1. The rare codon optimal ratio of mrr5 was 74%, which was relatively low 
comparing to that of recombinant gene rr5 (resilin-r5) (97%) (Figure 3.5). It was apparent 
that difficulties for sequence optimization increased as the complexity of the chimeric gene 
rose. In other words, the chimeric gene involving multiple donor species had increased the 
difficulties of sequence optimization, which had to balance other parameters critical for 
efficient gene expression as well, such as GC content and repeated sequences.  
3.3.2 Biosynthesis of MRR5 with different strains in 
shaking culture in ECM 
For comparison, the recombinant gene mrr5 was transformed into four different strains, 
including BL21 (DE3) pLysS, BW25113, BW25113 ΔClpP and BW25113 ΔClpX, using a 
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proper plasmid. As aforementioned in the literature review, the T7 RNA polymerase, which 
was provided by BL21 (DE3) pLysS among these four strains, was required for binding the 
T7 promoter and hence starting the transcription of the recombinant gene. The recombinant 
plasmid pET28a/mrr5 was transformed into BL21 (DE3) pLysS, and pUC57/lac Z 
pro+mrr5was transformed to BW25113, BW25113 ΔClpP and BW25113 ΔClpX, 
respectively.  
The well-studied BW25113 was a derivative of E.coli K-12, and it was used as the parent 
strain for producing the Keio Collection of single gene knockouts, which included BW25113 
ΔClpP (ClpP-deficient) and BW25113 ΔClpX (ClpX-deficient). ClpPX was an ATP 
dependent protease that degraded target proteins within E.coli cells. It recognized specific 
amino acid sequences, which included serine at the either end of unstructured peptide or 
protein, and then performed degradation (Figure 3.6). Therefore, it could be disadvantageous 
to any exogenous protein or peptide that possessed a high content of serine [246]. Since serine 
was the second-most abundant amino acid in MRR5, the presence of ClpPX could be 
unfavourable for the accumulation of MRR5 due to its degrading capability to the target 
protein. It was scarcely possible to re-design the amino acid sequence of MRR5 to avoid the 
recognition of ClpPX while maintain the properties of the recombinant protein unchanged. 
Therefore, to investigate the production of MRR5 at the absence of ClpPX, E.coli BW25113 
ΔClpP (ClpP-deficient) and BW25113 ΔClpX (ClpX-deficient) were used as the host strain 
for the biosynthesis of the recombinant protein. 
However, as the SDS-PAGE analyses showed, there was hardly any difference among 
these E.coli strains regarding the production of the recombinant MRR5, either with or without 
induction. Furthermore, it was shown that none of the used strains predominantly expressed 
the recombinant gene (Figure 3.7). In the subsequent experimental steps, E.coli BL21 (DE3) 
pLysS was determined to be the host organism for biosynthesizing the recombinant MRR5, 
considering a strong promoter, meaning the T7 promoter, was required, and the T7 expression 
system also worked well in the production of rec1-resilin with high yield. 
A phenomenon observed in the culture process was the slow growth of E.coli cells, which 
was similar to the growth of E.coli harbouring the recombinant gene mgfp-5 after induction. It 
was speculated that the recombinant mussel adhesive protein mgfp-5 was harmful to the host 
cells [143]. Amino acid sequence analysis indicated that a high proportion of cationic amino 
acid was included by mgfp-5, which might confer the ability to destroy the E.coli membrane 
to this protein. Nevertheless, production of recombinant MRR5 might be harmful to E.coli 
cells and hence caused the slow growth of the host cells under the auto induction conditions.  
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Figure 3.4 Optimization analysis of gene mrr5 sequence. (A) E.Coli codon usage analysis before sequence optimization; (B) E.Coli codon usage analysis after sequence 
optimization. Colors: Red=codons with low usage rate of less than 10% for a particular amino acid in E.coli; Green=codons with usage rate of at least 10% for a particular 
amino acid in E.coli. 
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Figure 3.5 Optimization analysis of gene rr5 sequence. (A) E.Coli codon usage analysis before sequence optimization; (B) E.Coli codon usage analysis after sequence 
optimization. Colors: Red=codons with low usage rate of less than 10% for a particular amino acid in E.coli; Green=codons with usage rate of at least 10% for a particular 
amino acid in E.coli. 
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Figure 3.6 Diagram showing the working process of the protease ClpPX. In the first step, the protein 
substrate containing a peptide tag was recognized and binded by the ClpX hexamer. In the second step, 
the substrate protein was unfolded by the ClpX which then translocated the unfolded polypeptide to the 
ClpP for proteolysis. ATP was required by the second step [246]. 
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3.3.3 Western blot analyses against the biosynthesis 
of MRR5 in E.coli BL21 (DE3) pLysS in shaking 
cultures in ECM 
After the culture of E.coli BL21 (DE3) pLysS harbouring the recombinant gene mrr5 in ECM, 
the whole cell sample was subjected to Western blot analyses for determining the production 
of the desired protein MRR5. For further information regarding the existing forms of MRR5 
in the lysate, the soluble protein and insoluble cell debris fractions had undergone the 
analyses as well.  
As was shown by the Western blot analyses, the recombinant protein MRR5 had been 
synthesized by the host organism E.coli BL21 (DE3) pLysS (Figure 3.8, lane WC). In these 
results, the molecular weight (MW) of MRR5 was ～50 kDa, which was different from the 
data (～40 kDa) calculated from the amino acid sequence of the protein. It was speculated 
that comparing to other proteins, more SDS molecules (anionic) would bond with the cationic 
Figure 3.7 SDS-PAGE analyses against the whole cell 
specimens from E.coli BL21 (DE3) pLysS, BW25113, 
BW25113 ΔClpP and BW25113 ΔClpX harbouring the 
recombinant gene mrr5. Lanes: MW, protein molecular 
weight marker; 1/2, BL21 (DE3) pLysS with/without 
induction; 3/4, BW25113 with/without induction; 5/6, 
BW25113 ΔClpP with/without induction; 7/8, 
BW25113 ΔClpX with/without induction. The black 
arrow indicated the MRR5-like protein. IPTG was used 
as the inducer in the culture. 
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MRR5 and hence decrease the mobility of the protein molecules during the SDS-PAGE 
electrophoresis (Figure 3.8).  
Nonetheless, most MRR5 was produced in a soluble form (Figure 3.8, lane S), whereas a 
small amount of the protein was synthesized in an insoluble form (Figure 3.8, lane IS), such 
as inclusion bodies. Therefore, it was clear that the recombinant MRR5 could be synthesized 
by E.coli BL21 (DE3) pLysS in shaking culture under auto-induction conditions. However, 
the existence of the protein in separated phases of the lysate indicated that apart from being 
produced in a soluble form, this protein was possibly synthesized as inclusion bodies. 
Although the recombinant mgfp-1 decapeptide repeats were previously reported to be 
synthesized as inclusion bodies by E.coli [247], more detailed research was required to 
provide evidences to confirm the synthesis of MRR5 as inclusion bodies in E.coli. 
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3.3.4 Production level of MRR5 in the shaking culture 
in ECM and LB 
To investigate the productivity of MRR5with BL21 (DE3) pLysS, the cell growth and mRNA 
level were analysed under auto-induction and log-phase induction conditions. ECM medium 
was an adaptation of the expression medium used for high yield expression of pro-resilin, 
which applied glycerol as the only carbon source at the first growth stage, and lactose as an 
inducer and the only carbon source at the subsequent growth stages. IPTG was merely used as 
the other inducer at the second stage [178]. By this mean, the toxic effects of IPTG to cells 
could be reduced to a great extent. Unlike the multi-stages fermentation with lactose/IPTG-
induction, auto-induction fermentation in ECM medium adopted IPTG as the only inducer 
which took effect as the first carbon source – glucose was depleted, while glycerol came into 
use as the second carbon source. Both carbon sources and the inducer IPTG were added 
simultaneously to the medium at the beginning of shaking culture.  
Figure 3.8 Western blot analyses against the whole cell 
specimen from E.coli BL21 (DE3) pLysS harbouring 
the recombinant gene mrr5, insoluble cell debris 
fraction and soluble protein fraction of the lysate. 
Lanes: MW, protein molecular weight marker; WC, 
whole cell suspension; IS, insoluble cell debris fraction 
of the lysate; S, soluble protein fraction of the lysate. 
The black arrow indicated the MRR5-like protein. 
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Theoretically, in the auto-induction shaking culture, E.coli cells would use glucose in 
preference to glycerol, and grow rapidly to the logarithmic phase. After the depletion of 
glucose, the inducer IPTG, as a lactose analogue, started to be ingested by cells and induce 
transcription of recombinant gene. It was assumed that high cell density and high and stable 
mRNA level could be obtained from this fermentation. 
However, it was shown that the cell growth rate kept relatively low in both shaking cultures 
with LB and ECM, especially in LB with log-phase induction (Figure 3.9A and B). As for the 
expression of MRR5 in the growing cells, the mRNA level remained relatively high and 
stable for 6 h during the shaking culture using ECM medium, whereas kept dropping in the 
shaking culture using LB medium although it reached a high level upon IPTG-induction 
(Figure 3.9 C and D). Although ECM medium might be preferable for a more stable 
expression of recombinant MRR5, the issue of low cell growth rate was yet to be resolved for 
a higher production yield. 
The slow growth of E.coli cells was also observed in the production of recombinant mgfp-5, 
and it was speculated that recombinant mgfp-5 might be toxic to the host bacteria [143]. 
Analysis of amino acid sequence demonstrated that mgfp-5 was rich in cationic amino acids 
(lysine, histidine and arginine), hence conferring strong positive charge to the recombinant 
protein. Furthermore, it was speculated that the integration of mgfp-5 with pro-resilin and R5 
peptide, which contained high content of both hydrophobic and hydrophilic amino acids, 
might enable recombinant MRR5 to destroy the lipid bilayers of the bacterial cytoplasmic 
membrane in a similar manner with that of cationic antimicrobial peptide [248]. If so, 
cytoplasm leakage could happen, and MRR5 might leak to the culture medium; but a SDS-
PAGE analysis against the medium after culture showed little trace of the recombinant protein.  
Therefore, recombinant MRR5 might just inhibit cell division rather than kill the cells 
through destroying the cytoplasmic membrane. Nevertheless, it was apparent that the 
production of MRR5 and maintenance of normal biological functions had exhausted the 
E.coli cells. In this case, a balance between the cell growth and the expression of MRR5 was 
required, or both would be kept at a low level as the results shown for LB culture (Figure 3.9 
A and C).  As could be seen from the cell growth and mRNA level in ECM, MRR5 was 
expressed at a relatively high and stable level for almost 10 h before the cell growth came into 
log-phase (Figure 3.9 B and D). This meant that although the presence of 0.1 % glucose was 
supposed to restrain the induction effects of IPTG, the inducer still might participate in the 
metabolic pathway fluxes and hence caused the expression of the desired protein before the 
cells grew to an expected level upon the depletion of glucose. Besides, in both LB and ECM, 
tryptone as a nitrogen source contained a trace amount of lactose which could function as an 
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inducer as well, and expression of a desired protein could affect cell growth especially when 
the protein was toxic to E.coli cells such as recombinant MRR5. 
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Figure 3.9 Cell growth curves of E.coli in (A) LB after IPTG-induction in log-phase (0 h) and (B) 
ECM with auto-induction, and messenger RNA levels of recombinant genes in the cell grown in (C) the 
induced LB culture and (D) ECM culture. MRR5, E.coli BL21 (DE3) pLysS containing recombinant 
pET28a/mrr5; N, negative control [E.coli BL21 (DE3) pLysS containing empty plasmid pET28a]; P, 
positive control [E.coli BL21 (DE3) pLysS containing recombinant pET28a /rfp (red fluorescence 
protein)]. The mRNA levels were normalized to that of 16 S rRNA. 
So in conclusion, it was of worthy to notice that for efficient production of recombinant 
proteins, especially those hade detrimental effects to the growth of the host cells, basal 
expression of the target gene must be controlled strictly before the cells grew to a high density. 
Also, parameters associated with transcription, translation, proteolytic activity, production 
levels and stability included nutrient composition, nutrient feeding strategy and fermentation 
variables, i.e., temperature, pH and dissolved oxygen (DO) level. Importantly, many studies 
showed that nutrient feeding strategy was crucial to the high production yield of recombinant 
proteins [249], which would be investigated in Chapter 5. 
3.4 Summary 
This chapter presented a novel gene design from three beneficial species and a complete 
technical program for producing the recombinant protein MRR5 with bacteria harbouring 
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growth and reproduction advantages. The biosynthesis of the recombinant protein is 
challenging as the recombinant protein is composed of unique functional modules from three 
different sources (species) and the codon usage bias varied from one species to another. 
Before the synthesis of the recombinant gene, sequence analyses and optimization were 
carried out to predict the ‘weak points (codons)’ along the DNA sequence of the gene and 
obtained an optimal sequence of the hybrid gene with optimized codons that have relatively 
high usage in E.coli. Apart from codon usage bias, other parameters, including GC content 
and mRNA secondary structure, were optimized in this process. Gene synthesis in 
combination with the sequence analyses and optimization in this study was different from the 
traditional rDNA techniques which involved the cloning of the target beneficial genes from 
three different sources, ligation of them into an expression plasmid and direct expression of 
the recombinant gene in a host organism that usually obtained truncated products.  
It was confirmed that the expression of the hybrid gene into the desired protein MRR5 was 
finally realized through rDNA techniques using E.coli and T7 promoter system. Also, 
research into the expression level of the recombinant gene in the E.coli was conducted under 
different culture conditions. It was shown that comparing to the traditional log-phase 
induction culture in LB medium, auto-induction culture of the E.coli in ECM medium was 
more beneficial to the transcription of the hybrid gene, and hence the final production of the 
desired protein. It was a breakthrough to produce the recombinant protein composed of 
proteins/peptides discovered from three species containing Mediterranean mussel Mytilus 
galloprovincialis, fruit fly Drosophila melanogaster and diatom Cylindrotheca fusiformis 
without truncated products. The experimental results confirmed that the biosynthesis of 
MRR5 could be performed with the culture of E.coli BL21 (DE3) pLysS under auto-induction 
conditions.  
However, due to the cationic property of the desired protein MRR5, it could be challenging 
to isolate the desired protein with high purities, and to handle the adverse effects of the 
protein to the host organism, which would be presented in the following chapters.  
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Chapter 4 
Developing New Purification Technology 
to Obtain Recombinant Protein MRR5 
with High Purities 
4.1 Introduction 
In Chapter 3, the hybrid gene mrr5 had been successfully expressed and recombinant protein 
MRR5 had been biosynthesized in the culture of E.coli BL21 (DE3) pLysS under auto-
induction conditions. The desired recombinant protein MRR5 needs to be extracted from the 
E.coli cells and then isolated with high purities. Purification is an important step in the 
bioprocessing of recombinant proteins to achieve the desired level of purity to meet final 
application requirements and effective characterization needs. 
For effective isolation of a protein in the lysate, it is crucial to take advantage of the unique 
properties of the target protein and handle the adverse effects caused by its unique properties 
to the extraction process. An analysis of the predicted amino acid sequence of MRR5 reveals 
that this protein possesses a high pI (～9.7) which enables it to carry strong positive charge in 
most commonly used buffers. So it is possible to extract this protein by strong cation-
exchange chromatography (SCX) at the very beginning. Furthermore, as a hexahistidine-tag is 
added to the N-terminal of MRR5, this protein can be purified by Ni-NTA IMAC 
(immobilized metal affinity chromatography) to a great extent if extra processing is carried 
out to remove most contaminants (undesired proteins and DNAs) in the E.coli lysate before 
the chromatography. Therefore, the isolation of MRR5 with high purities will include two 
phases, including the extraction phase that excludes most of undesired contaminants (proteins 
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and DNAs) and the purification phase which removes more contaminants from the extract 
using liquid chromatography. 
For the extraction of the desired protein, two traditional methods are frequently used, 
including PEI-precipitation and salting out using ammonium sulfate, to extract neutral or 
anionic proteins. PEI-precipitation uses the water-insoluble cationic PEI to bind with anionic 
undesired proteins and DNAs and hence remove these contaminants. Salting out uses 
ammonium sulfate to precipitate the target protein together with some undesired proteins and 
the obtained precipitate can be redissolved in a neutral to basic buffer for further extraction. 
However, these two methods may not be applicable to the extraction of MRR5, considering 
the cationic recombinant protein can inhibit the function of PEI as to remove some 
contaminants; and the salting out may cannot precipitate the desired protein or the obtained 
precipitate may cannot be redissolved in the acidic buffer used for the protection of MRR5 
from peroxidation, damage and adhesion to surfaces during extraction and purification 
process. 
Therefore, in this chapter, we aim to develop new extraction technologies to extract the 
recombinant protein MRR5 from the lysate. We will identify an optimal buffer system for 
preparing E.coli lysate. As indicated by the Western blot analysis in Chapter 3, the desired 
protein presents in both soluble and insoluble fraction of the E.coli lysate, which will be 
further confirmed in this chapter. After that, a reasonable extraction strategy will be 
developed and evaluated through SDS-PAGE and Western blot analyses that detecting the 
desired protein in the obtained samples. Furthermore, considering the special production 
characteristic of MRR5 in E.coli cells, a more effective extraction strategy will be explored 
based on the fundamental knowledge obtained from the former extraction scheme; and the 
second extraction strategy will also be evaluated using SDS-PAGE and Western blot analyses. 
Finally, a superior extraction scheme will be combined with a suitable liquid chromatography 
method, which will be evaluated by SDS-PAGE and Western blot analyses, to finally isolate 
the recombinant protein MRR5 with high purities. The purified MRR5 will be evaluated by 
the analyses using SDS-PAGE and the Quantity One software to determine its purity. 
Lyophilized MRR5 will be redissolved for spectrophotometry to determine the overall 
productivity of the recombinant protein in E.coli cells.  
The remainder of the chapter is organized as follows.  Section 4.2 presents the experimental 
details regarding the different extraction strategies, including a novel two-fraction extraction 
and a modified single-fraction extraction. Section 4.3 provides the obtained results from the 
experiments and the related discussions. Finally, Section 4.4 summarizes the work. 
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4.2 Materials and methods 
4.2.1 Two – fraction extraction of the recombinant 
protein 
After the culture of the E.coli carrying the recombinant gene, the recombinant protein MRR5 
was to be isolated from the host cells for the subsequent characterizations. The first step was 
to release the desired protein from the cytoplasm by cell lysis.  
4.2.1.1 Cell lysis 
1.0 g (wet weight) harvested cell pellet was resuspended in 3 ml of lysis buffer (Table 4.1) 
containing lysozyme (Sigma, ～100000 U/mg) at a final concentration of 0.27 mg/ml. The 
suspension was then subjected to three freeze-thaw cycles from a -80 ℃ refrigerator to a 25 ℃ 
water-bath. The suspension was then treated by sonication using a probe sonicator (JY92-IIN, 
Ningbo, China) for 15 min (400 W with 6 s pulse on: 5 s pulse off). The soluble protein 
fraction (S) and insoluble cell debris fraction (IS) were separated by centrifugation (12,000g 
for 30 min at 10℃). Before further steps, Western blot analyses were performed against the 
specimens from cell lysis in different buffers according to the description in Section 3.2.5. 
As indicated by Western blot analyses, the recombinant protein MRR5 was included in 
both S and IS regardless of which buffer was used as the lysis buffer. Considering the loss of 
MRR5 could happen due to its adhesion to contacting surfaces and oxidation under neutral or 
basic conditions, several tentative methods had been provided for the isolation of MRR5 in 
Buffer 3 or 4 (Table 4.1), which were given as follows. 
Buffer Components Compatible chromatography 
1 NaCl 500mM, NaH2PO4 20mM, pH 7.4 Ni-NTA IMAC 
2 NaCl 300mM, NaH2PO4 50mM, pH 8.0 Ni-NTA IMAC 
3 Acetic acid 50 mM, pH 4.7 SCX 
4 Acetic acid 50 mM, NaCl 500mM, pH 4.7 Ni-NTA IMAC 
5 NaH2PO4 20mM, pH 7.4 - 
6 Tris 20 mM, NaCl 500mM, pH 7.5 Ni-NTA IMAC 
Table 4.1 Different buffers for the lysis of cells and different chromatographic methods. 
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4.2.1.2 Extraction of MRR5 from the insoluble fraction of 
cell lysate 
For extracting the MRR5 in the insoluble cell debris fraction (IS-MRR5), the IS from the last 
step was resuspended in 3 ml of Buffer 4 (Table 4.1). The suspension was incubated at room 
temperature for 30 min before centrifugation (12,000g for 20 min at 10 ℃). The supernatant 
was discarded. The precipitate was then resuspended in 3 ml of 25% HAc, and incubated at 
room temperature for 30 min. The collected supernatants and precipitates were kept at -20 ℃ 
for further analyses. 
4.2.1.3 Extraction of MRR5 from the soluble fraction of 
cell lysate 
For the purification of S-MRR5 from the soluble protein fraction (S-MRR5) of cell lysate, 
extraction processes using PEI (polyethyleneimine), AS (ammonium sulfate), acetic acid and 
strong cation-exchange chromatography (SCX) were performed before the final purification 
step with Ni-NTA immobilized metal affinity chromatography (Ni-NTA IMAC). 
PEI-precipitation for removing undesired proteins 
Before the application of PEI for removing some undesired contaminants, including proteins 
and DNAs, 0, 1, 2, 3, 4, 5, 6, 7µl of 6% PEI (pH 4.7) was added to eight 50-µl aliquots of the 
soluble fraction to the final concentration of 0%, 0.12%, 0.24%, 0.36%, 0.48%, 0.60%, 0.72% 
and 0.84%, respectively. The mixtures in 1.5-ml microcentrifuge tubes were then placed on 
ice for 30 min before centrifugation (12,000g for 10 min). The supernatants were separated 
from the precipitates, which were then resuspended in 50 µl Tris-HCl (100 mM, pH 8.0). The 
collected samples were subject to SDS-PAGE analyses for determining the volume ratio of 
PEI/contaminants. 
Extraction of S-MRR5 using salting-out and acetic acid 
50% AS was added to five 200-µl aliquots of S (in 1.5-ml microcentrifuge tubes) to the final 
concentrations of 10%, 15%, 20%, 25% and 30%, respectively. The mixtures were then 
placed on ice for 1 h. The AS-precipitate was separated from the supernatant by 
centrifugation (12,000g for 10 min), and then subject to SDS-PAGE analyses, which 
indicated an optimal concentration of AS to isolate S-MRR5 was 30%.  
Consequently, 300 µl of 50% AS was added to the 200 µl of S and mixed well. The 
precipitate was collected by centrifugation (12,000g for 10 min) and then resuspended in 500 
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µl of 25% acetic acid in a 1.5-ml microcentrifuge tube, which was incubated at room 
temperature for 30 min. The suspension was subject to centrifugation (12,000g for 10 min) 
after vortex. The supernatant and precipitate were separated and kept at -20 ℃ for further 
analyses.  
Extraction of S-MRR5 using acetic acid 
Acetic acid was added to eleven 200-µl aliquots of S to the final concentrations of 1%, 2%, 
3%, 4%, 5%, 12.5%, 15%, 17.5%, 20%, 22.5% and 25%, respectively. The mixture was 
incubated at room temperature for 30 min before vigorous vortex and centrifugation (12,000g 
for 10 min) for separating the supernatants and precipitates, which were kept at -20℃ for 
further analyses.  
Extraction of S-MRR5 using sodium chloride and acetic acid 
50 % HAc containing 1 M NaCl (or 2 M NaCl) was added to the S to a final concentration of 
25% HAc and 0.5 M (or 1 M) NaCl, respectively, and mixed well. The mixture was incubated 
at room temperature for 30 min before vigorous vortex. The precipitate formed by the 
addition of acetic acid was separated from the supernatant by centrifugation (10,000g for 10 
min at 10℃).  Alternatively, 1 M (or 2 M) NaCl could be added to the S to the final 
concentration of 0.5 M (or 1 M) first, followed by the addition of HAc to the final 
concentration of 25%. The formation of precipitate was observed immediately after the 
addition of acetic acid. The mixture was then incubated at room temperature for 30 min. After 
that, the supernatant was separated from the precipitate by centrifugation (12,000g for 20 min 
at 10 ℃).  
Extraction of S-MRR5 with SCX 
5 ml of S was diluted by adding 35 ml of Buffer 3. The diluted S was transferred to a dialysis 
tubing (Biosharp, MWCO 3.5 kDa) and then dialyzed in excess Buffer 3. Precipitate formed 
during the dilution and dialysis was removed by centrifugation (12,000g for 20 min at 10 ℃). 
The supernatant was subject to filtration through a 0.45-µm filter. The filtered supernatant 
was applied to a HiTrap
TM 
SPFF column (5 ml, GE) at a flow rate of 5 ml/min using an 
ÄKTA Prime Plus (GE). Most of the remaining contaminants passed through the column in 
the flowthrough. The remained protein was subsequently eluted from the agarose with 
gradient elution (0-1 M NaCl in Buffer 3 in 200 ml). The collected samples were kept at -20 ℃ 
for further analyses. 
Apart from the isolation approaches mentioned above, the recombinant protein could also 
be isolated with the following strategy, which was more effective, practical and compatible 
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with Ni-NTA immobilized metal affinity chromatography (Ni-NTA IMAC) for the final 
purification of the protein.  
4.2.2 Modified single-fraction extraction of the 
recombinant protein 
4.2.2.1 Cell lysis 
1.0 g (wet weight) harvested cell pellet was re-suspended in 3 ml of HAc-NaAc buffer (50 
mM, pH 4.7) (Buffer 3 in Table 3.2) containing 0.27 mg/ml lysozyme (Sigma, ～100000 
U/mg). The suspension was then subject to three freeze-thaw cycles from a -80 ℃ refrigerator 
to a 25 ℃ water-bath. The viscous suspension was then treated by sonication using a probe 
sonicator (JY92-IIN, Ningbo, China) for 15 min (400 W with 6 s pulse on: 5 s pulse off). 
After that, the suspension was then heated up to 72 ℃ in a water-bath for 1 h. After the 
heating, the soluble protein fraction (S) and insoluble cell debris fraction (IS) were separated 
by centrifugation (12,000g for 30 min at 10℃). Before further steps, Western blot analyses 
were performed against the collected specimens from the procedures provided above 
according to the description in Section 4.2.3.  
As indicated by the Western blot analyses shown in Section 4.3.2, the recombinant protein 
MRR5 was included only in IS after heating the cell suspension in Buffer 3 (Figure 4.7). 
Therefore, the obtained soluble protein fraction was discarded, and the insoluble cell debris 
fraction containing the recombinant MRR5 was kept for further isolating processes, which 
were given as follows. 
4.2.2.2 Primary extraction of MRR5 by 25% acetic acid-
extraction 
The insoluble cell debris fraction obtained from the last step was resuspended in 3 ml of HAc-
NaAc buffer (50 mM, pH 4.7) containing 0.5 M NaCl, and blended well with pipetting. The 
suspension was then incubated at room temperature for 30 min, followed by vigorous vortex 
before centrifugation (12,000g for 20 min at 10℃). The supernatant was discarded, and the 
precipitate was resuspended in 3 ml of 25% HAc, and blended well with pipetting. The 
suspension was incubated at room temperature for 30 min, followed by vigorous vortex 
before centrifugation (12,000g for 20 min at 10℃). While the precipitate was discarded, the 
supernatant containing the recombinant MRR5 would undergo further processing. 
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All samples collected from the two-fraction extraction and the single-fraction extraction 
were subject to Western blot analyses for tracing the desired protein. It was shown that 25% 
HAc was able to isolate MRR5 in either extraction scheme. However, as some undesired 
proteins were still included in the 25% HAc-extract, extra efforts were required to isolate 
MRR5 with high purities. 
4.2.2.3 Further extraction of MRR5 
Ni-NTA immobilized metal affinity chromatography (Ni-NTA IMAC) would be used to 
obtain highly purified MRR5 from the crude extract in 25% acetic acid, which included 
MRR5 and a small amount of other undesired proteins. Before the chromatography, a dialysis 
in the start buffer (Buffer 4 in Table 4.1) (50 mM NaAc-HAc, 500 mM NaCl, pH 4.7) was 
required for the crude extract. 
The supernatant obtained from the last step was transferred to a dialysis tubing (Biosharp, 
MWCO 3.5 kDa) and dialyzed in excess start buffer for 12 h at 4 ℃. The precipitate formed 
during dialysis was removed by centrifugation (12,000g for 20 min at 10℃). The His6 tagged 
MRR5 in the supernatant would be finally affinity-purified. Any left precipitate in supernatant 
was removed by filtration through a 0.45-µm filter before Ni-NTA IMAC purification. 
4.2.2.4 Final purification of MRR5withNi-NTA 
immobilized metal affinity chromatography (Ni-NTA 
IMAC) 
It was necessary to determine a suitable imidazole concentration for eluting MRR5 from the 
Ni-NTA matrix. So Ni-NTA IMAC with gradual gradient elution and step-wise gradient 
elution was performed, respectively. 
Ni-NTA IMAC with gradual gradient elution 
A HisTrap
TM
 HP column (5 ml, GE), which was prepacked with Ni Sepharose High 
Performance agarose, was equilibrated with excess start buffer (50 mM NaAc-HAc, 500 mM 
NaCl, pH 4.7) using an ÄKTA Prime Plus (GE). Typically, for the application of buffers with 
or without proteins, a flow rate of 5 ml/min was used, unless otherwise stated. The filtered 
supernatant (in start buffer) from the last step was applied to the column. Most of the 
contaminants passed through the Ni-NTA column in the flowthrough. The remainders were 
eluted with a gradual elution using 0-500 mM imidazole in 100 ml.  
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Ni-NTA IMAC with step-wise gradient elution 
The filtered supernatant (in start buffer) from the last step was applied to the equilibrated 
column. It was found that most of the contaminants passed through the Ni-NTA column in the 
flowthrough. The remainders were eluted with a step-wise elution using 20 mM, 40 mM, 60 
mM, 80 mM, 100 mM, 150 mM, 200 mM, 300 mM, 400 mM and 500 mM imidazole, 
respectively.  
The samples collected from the gradual and step-wise gradient elution were subject to 
SDS-PAGE and Western blot analyses, which would give useful information regarding a 
suitable elution strategy to purify the desired protein. This optimal Ni-NTA IMAC strategy 
was presented as follows. 
Ni-NTA IMAC with a finally determined elution strategy 
The filtered supernatant was applied to the equilibrated column. It was found that most of the 
contaminants passed through the Ni-NTA column in the flowthrough. A part of the remainder 
was removed with a 200 mM imidazole wash in start buffer. The recombinant protein was 
subsequently eluted from the agarose using 500 mM imidazole at a flow rate of 2.5 ml/min.  
All samples collected from the steps described above were subject to Western blot analyses 
for tracing the desired protein. 
4.2.3 SDS-PAGE and Western blot analyses 
Samples were taken from each step during the purification procedure for SDS-PAGE and 
Western blot analyses described as follows. Each sample (200 µl) was mixed with the same 
volume of 2× protein sample buffer (0.1 M Tris-HCl [pH 8.0], 20% glycerol, 4% sodium 
dodecyl sulphate (SDS), 0.2% bromophenol blue, 0.2 M dithiothreitol), and heated up to 85 ℃ 
for 15 min. After centrifugation for 1 min, 15µl of the upper liquid layer was run on a 4-20% 
ExpressPlus
TM 
PAGE gel in 1x MOPS Running Buffer (pH 8.0) (Genscript) at 140 V and 100 
mA for 1 h. Two gels with exactly the same samples were run simultaneously. A gel was then 
stained with an eStain 2.0 Protein Staining System (Genscript) using Coomassie brilliant blue, 
and analysed under white light using a Gel Doc
TM
 XR+ system (Bio-Rad). To determine the 
purity of MRR5 after final purification, the gel image was analysed by Quantity One software 
(Bio-Rad).  
For Western blot analyses, proteins on the other gel were transferred onto a nitrocellulose 
membrane (Genscript) for 2 h at 100 V 350 mA. Proteins of interest were detected using 
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ONE-HOUR Western kit (Genscript) according to the protocol provided by the manufacturer. 
The membrane was pre-treated using 20 ml of pre-treat solution (mixture of 10 ml of pre-treat 
A solution and 10 ml of pre-treat B solution) for 5 min at ambient temperature with gentle 
shaking, and then washed by 15 ml of 1× wash solution for twice. The pre-treated membrane 
was soaked in 10 ml of WB-2 for 2 h at ambient temperature with gentle shaking. WB-2 
contained the primary and secondary antibodies – THE His Tag antibody, mAb, Mouse 
(Genscript) and antibody for mouse (Genscript). After the hybridization with the antibodies, 
the membrane was rinsed with 15 ml of 1× wash solution, and then soaked in 20 ml of 1× 
wash solution with gentle shaking for three times. After that, the membrane was picked up 
with tweezers. The left wash solution was absorbed from the edge of the membrane with 
absorbent papers. The membrane was developed chemiluminescently with LumiSensor HRP 
substrate (Genscript). The membrane was scanned using a Gel Doc
TM
 XR+ system (Bio-Rad) 
and the image was analysed using Quantity One software (Bio-Rad). 
4.2.4 Lyophilisation of purified MRR5 
The purified MRR5 (in 500 mM imidazole, 500 mM NaCl, 50 mM NaAc-HAc, pH 4.7) was 
transferred to a dialysis tubing (Biosharp, MWCO 3.5 kDa) and dialyzed in excess 5% HAc. 
After that, the MRR5 in 5% HAc was transferred to a 50-ml centrifuge tube and then kept at -
80 ℃ for at least 2 h before lyophilisation with a FreeZone freeze dry system (Labconco). 
The lyophilized MRR5 was then sealed with Para film and kept in a desiccator.  
For determining the overall productivity, the lyophilized MRR5 was dissolved in 1 ml of 5% 
HAc and 10% glycerol, and then diluted by 50- to 100-fold for spectrophotometry using Nano 
Drop 2000 (Thermo).  
4.3 Results and discussion 
4.3.1 Two-fraction extraction of MRR5 
4.3.1.1 Cell lysis 
Recombinant MRR5 was supposed to be produced in a soluble form in the E.coli BL21 (DE3) 
pLysS which adopted the plasmid pLysS that was compatible with pET vectors. A low level 
of T7 lysozyme supplied by the plasmid pLysS was preferred for inhibiting the basal 
expression of toxic proteins under the regulation of the T7 promoter in the uninduced cell by 
binding to T7 RNA polymerase. Another function of T7 lysozyme was to destroy the cell wall 
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of E.coli, and thus elevate cell lysis [250], especially during repeat freeze-thaw cycles in a 
proper buffer.  
Several trials were conducted for investigating the cell lysis in six different buffers (Table 
4.1), and finally HAc-NaAc buffer (50 mM, pH 4.7) was used as the lysis buffer to resuspend 
cell pellets for a preferable release of MRR5. Moreover, the acidic buffer helped to inhibit the 
oxidation of released MRR5 to contacting surfaces which could happen under neutral to basic 
conditions, hence reducing the loss of recombinant MRR5 during purification. At the 
presence of 0.27 mg/ml lysozyme, three freeze-thaw cycles (from a -80 ℃ freezer to a 25℃ 
water-bath) led to layering of the cell suspension with released proteins in the clear upper 
layer and viscous cell debris in the insoluble lower layer (Figure 4.1 A). This indicated a 
sufficient cell lysis since the viscosity of the cell debris was caused by the released DNA 
molecules which, however, made it difficult to finally separate the soluble protein fraction (S) 
and insoluble cell debris fraction (IS) as shown in Figure 4.1 B. So a sonication was arranged 
to scatter the DNA molecules for a reduced viscosity of the lysate before centrifugation 
(12,000g for 30 min at 10 ℃).  
 
Figure 4.1 Photo captions of E.coli cell suspension after repeated freeze-thaw. (A) Layered appearance 
of the lysate. The boundary between the soluble protein fraction (S, red arrow) and the insoluble cell 
debris fraction (IS, blue arrow) was marked with a dotted line. (B) Viscous cell debris. 
However, as shown in Chapter 3, although the cell lysis was sufficient with the method 
mentioned above, Western blot analyses against the separated soluble protein fraction and 
insoluble cell debris demonstrated that a part of recombinant MRR5 was released into the 
soluble protein fraction whereas another part of MRR5 maintained in the insoluble cell debris 
fraction (Figure 3.8). The results suggested that recombinant MRR5 could be produced in 
E.coli in both soluble and insoluble forms (inclusion bodies). In this case, the protein would 
need to be extracted from the insoluble cell debris fraction and the soluble protein fraction, 
respectively. 
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4.3.1.2 Extraction of MRR5 from the insoluble cell debris 
fraction 
For the extraction of MRR5 included in the insoluble cell debris fraction of E.coli cell lysate, 
i.e., IS-MRR5, acetic acid was considered as a promising reagent to distinguish MRR5 from 
the other proteins in the insoluble cell debris fraction, since the natural mussel adhesive 
proteins were acetic acid-soluble as reported [251], and 25% acetic acid was reported to be 
able to extract the hybrid mussel adhesive protein mgfp-151 and the recombinant mussel 
adhesive protein mefp-1 [144, 252]. However, the subsequent trials showed that only part of 
IS-MRR5 could be dissolved by 25% acetic acid and 1 M NaCl could hardly extract the left 
IS-MRR5 (Figure 4.2 A, lanes 7-10). In contrast, a substantial part of IS-MRR5 could be 
isolated with 1 M sodium chloride before the treatment of 25% HAc, which isolated the left 
part of IS-MRR5 (Figure 4.2 A, lanes 1-6). 
The results given above showed that the IS-MRR5 might include inclusion bodies and 
soluble MRR5 bonded with cell debris by electrostatic forces. As aforementioned, the 
building block mgfp-5 conferred strong positive charges to MRR5. Furthermore, most 
proteins in the cell debris (from E.coli) were negatively charged. So it was highly possible 
that part of soluble MRR5 bonded with these insoluble proteins and co-precipitated with them. 
This was supported by the fact that 1 M sodium chloride in Buffer 3 could dissolve part IS-
MRR5, which broke the electrostatic bonds and released the bonded MRR5 (Figure 4.2 A, 
lanes 1-3). After that, the left IS-MRR5 remained insoluble. Lysozyme was used to ensure the 
complete lysis of cells, but little trace of MRR5 was detected by the Western blot analysis 
against the treated supernatant, indicating that the cells were lysed thoroughly before the 
extraction, and the salt-insoluble IS-MRR5 could be inclusion bodies instead of staying 
within unlysed cells (Figure 4.2 A, lane 4). As expected, the left IS-MRR5 was finally 
dissolved by 25% acetic acid (Figure 4.2A, lanes 5 and 6). Conversely, high concentration of 
salt failed to extract MRR5 from the acetic acid-treated IS (Figure 4.2 A, lanes 7-10). So it 
was speculated that most proteins in the insoluble cell debris fraction underwent irreversible 
denaturation during the treatment with the acid, and the salt-soluble MRR5 (bonded to cell 
debris) was enveloped by these denatured proteins so that it could hardly be released by salt.  
Therefore, a practical method was determined for extracting IS-MRR5 step by step. In brief, 
the MRR5 included in the insoluble cell debris fraction (IS-MRR5) could be extracted by first 
1 M sodium chloride in Buffer 3 (50 mM HAc-NaAc, pH 4.7), and then 25% acetic acid. This 
result showed that MRR5, either in a soluble form or as inclusion bodies, was soluble in 25% 
acetic acid. Nonetheless, the resultant extracts, especially that in Buffer 3 containing 1 M 
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sodium chloride, needed further purification to remove undesired proteins (Figure 4.2 B, lanes 
1, 2 and 5). 
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4.3.1.3 Extraction of MRR5 from the soluble protein 
fraction 
Extraction of S-MRR5 with PEI-precipitation, salting-out and acetic acid 
The frequently used methods for the crude extraction of proteins from E.coli cells, including 
PEI (polyethyleneimine)-precipitation and AS (ammonium sulfate)-precipitation (salting-out), 
were used to isolate the S-MRR5 (MRR5 included in the soluble protein fraction of E.coli cell 
lysate), but resulted in unfavourable results as shown in Figure 4.3. Specifically, the 
treatments using PEI to the aliquots of S obtained no precipitate regardless of the additive 
amount of PEI. This result in combination with the information from the last section indicated 
that the cationic property of MRR5 might exert an adverse effect on the removal of undesired 
contaminants (proteins and DNAs) by PEI. As some undesired proteins and DNAs were 
anionic, the polycationic character of polymer PEI enabled it to bond and co-precipitate with 
these contaminants, hence removing these contaminants. MRR5 with strong positive charges 
could compete with PEI at a great extent. As for the AS-precipitation, 30% was the optimal 
concentration for extracting all S-MRR5 (Figure 4.3 A, lanes 1-6). However, the AS-
precipitate could hardly be redissolved in acidic buffers, such as Buffer 3, 4 and  acetic acid 
(Figure 4.3 A, lanes 7-12, 18 and 19), until the pH was adjusted to basic conditions. As acetic 
Figure 4.2 (A) Western blot and (B) SDS-PAGE 
electrophoretic analyses against the extraction of 
IS-MRR5 with salt, lysozyme and acetic acid. 
Lanes: MW, protein molecular weight marker; S, 
soluble protein fraction; IS, insoluble cell debris 
fraction. The IS was firstly washed with 1 M NaCl 
in Buffer 3 (50 mM HAc-NaAc, pH 4.7) for three 
times (lanes 1-3), and then washed with 0.27 
mg/ml lysozyme in Buffer 3 (lane 4). The left 
insoluble part was then resuspended in 25% HAc, 
and subjected to centrifugation (12,000g for 20 
min at 10) to separate the 25% HAc-extract (lane 
5) and the finally left precipitate (lane 6). 
Alternatively, part of IS-MRR5 (lane 7) was 
extracted first with 25% HAc. The MRR5 in the 
left precipitate (lane 8) could not be redissolved by 
1 M NaCl (lane 9), and kept insoluble in the 
finally left precipitate (lane 10). Recombinant 
MRR5 was indicated by black arrows. 
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buffers must be used throughout the extraction and purification process for circumventing the 
loss of MRR5, salting-out using AS was declined for its limitation to basic conditions.  
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Given the frequently used methods for protein extraction were inapplicable to the isolation 
of MRR5, acetic acid became a promising candidate as it was found to be capable of 
dissolving MRR5 from the IS. The extraction experiments using different concentrations of 
acetic acid (from 1% to 25%) were performed for extracting S-MRR5. However, the Western 
blot analyses indicated that S-MRR5 precipitated with other proteins after the addition of 
acetic acid (Figure 4.4). 
Extraction of S-MRR5 with acetic acid and sodium chloride 
For the solubility of MRR5 in acetic acid, the experiments using the acid to extract the target 
protein from the insoluble cell debris fraction and soluble protein fraction had obtained 
contradictory results. A very important phenomenon in the IS-MRR5 isolation was that part 
IS-MRR5 was soluble in 1 M NaCl in Buffer 3. This part was speculated to be bonded with 
anionic proteins in the IS by electrostatic forces. Similarly, the S-MRR5 could possibly bond 
with other proteins (with negative charges) in the S, and thus co-precipitated with them when 
acetic acid was added. Therefore, salt at high concentrations could be adopted to release 
MRR5 from other proteins before or during the extraction process using acetic acid. The 
outcomes showed that S-MRR5 kept soluble in 25% acetic acid at the presence of 1 M 
sodium chloride, whether the salt was added before or together with acetic acid (Figure 4.5 A, 
lanes 3, 4, 7 and 8). These results supported the speculation that MRR5 was a cationic protein 
that could bond with anionic materials or surfaces. 
Figure 4.3 (A) Western blot and (B) SDS-
PAGE analyses against the extraction of S-
MRR5 with salting-out and acetic acid. 
Lanes: MW, protein molecular weight 
marker; 1/2, 3/4, and 5/6 (16/17), 
supernatant/precipitate after the addition of 
50% AS to S to the final concentration of 
20%, 25% and 30%; 7/8, 9/10, 11/12, and 
18/19, soluble/insoluble fraction of the 30% 
AS-precipitate in 1%, 5%, 10% and 25% 
acetic acid; 13, soluble protein fraction of 
E.coli lysate in Buffer 3 (S); 14 and 15, 
soluble and insoluble fraction of the S after 
the addition of 25% acetic acid. 
Recombinant MRR5 was indicated by black 
arrows. 
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Figure 4.5 (A) Western blot and (B) SDS-PAGE electrophoretic analyses against the extraction of S-
MRR5 with 25% HAc and sodium chloride. Precipitate formed after the addition of HAc and NaCl to 
the S to the final concentration of 25% and 0.5 M (or 1 M) and incubation at room temperature for 30 
min. Lanes: MW, protein molecular weight marker; 1 and 2, supernatant and precipitate (25% HAc and 
0.5 M NaCl were added simultaneously); 3 and 4, supernatant and precipitate (25% HAc and 1 M NaCl 
were added simultaneously); 5 and 6, supernatant and precipitate (0.5 M NaCl was added before 25% 
HAc); 7 and 8, supernatant and precipitate (1 M NaCl was added before 25% HAc). Recombinant 
MRR5 was indicated by a black arrow. 
Extraction of S-MRR5 with SCX 
The cationic character of MRR5 enabled it to be isolated by strong cation-exchange 
chromatography (SCX). Although S was from the lysate in Buffer 3 (50 mM NaAc-HAc, pH 
4.7), the pH of S (5.7) was higher than that of the original buffer. Besides, the concentration 
of undesired proteins in S was high enough to exert adverse impacts to the interactions 
between S-MRR5 and the anionic agarose. So a dilution with Buffer 3 and dialysis were 
required to adjust the S before SCX. However, as the pI of many endogenous proteins of 
E.coli was 4.7, the formation of precipitate was observed during the process of dilution and 
Figure 4.4 (A) Western blot and 
(B) SDS-PAGE electrophoretic 
analyses against the extraction of 
S-MRR5 with different 
concentrations (1%-25%) of acetic 
acid. Lanes: MW, protein 
molecular weight marker; 1 and 2/ 
3 and 4/ 5 and 6/ 7 and 8/ 9 and 
10/ 11 and 12/ 13 and 14/ 15 and 
16/ 17 and 18/ 19 and 20/ 21 and 
22: supernatant and precipitate 
after the addition of acetic acid to 
S to the final concentration of 1%/ 
2%/ 3%/ 4%/ 5%/ 12.5%/ 15%/ 
17.5%/ 20%/ 22.5%/ 25%. 
Recombinant MRR5 was indicated 
by a black arrow. 
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dialysis. Furthermore, in the absence of salt, the S-MRR5 was bound with these endogenous 
proteins by electrostatic forces and co-precipitated with these them, which led to the result 
that the desired protein was removed before the SCX. Therefore, only a undesired protein was 
eluted by 1 M sodium chloride in Buffer 3 as shown by the SDS-PAGE analyses (Figure 4.6, 
lane 4). 
MW 1 2 3 4
15
20
25
37
50
75
100
150
250
(kDa)
 
Although only one of the strategies mentioned above, namely the strategy using acetic acid 
in combination with sodium chloride, was effective to isolate S-MRR5, the information 
collected from these experiments were significantly important to unfolding the existing 
conditions of this recombinant protein in an acidic environment, and its interactions with 
other proteins. In summary, given the prominent feature of the recombinant MRR5, it could 
exist in the cell lysate in a soluble form or as inclusion bodies in acidic conditions. The 
soluble MRR5 was actually bound with other anionic proteins by electrostatic forces and 
hence kept soluble or turned into the insoluble fraction. Therefore, salt at high concentrations 
was very useful for removing the interactions between the desired protein and undesired 
proteins. This was essential for the primary extraction of MRR5 from both soluble and 
insoluble fractions with acetic acid. As interactions could hardly form between the inclusion 
bodies of the recombinant protein and undesired proteins, MRR5 in this insoluble form could 
be isolated with acetic acid in the absence of salt.  
Nevertheless, the acetic acid-extract, whether from the insoluble cell debris fraction or the 
soluble protein fraction, needed further purification to remove the undesired proteins 
dissolved by the acid. Alternatively, a more effective strategy for extracting MRR5 was 
developed based on the information collected so far. The experimental results and discussion 
are given below. 
4.3.2 Single-fraction extraction of the recombinant 
protein 
Figure 4.6 SDS-PAGE analyses against the extraction of 
S-MRR5 with strong cation-exchange chromatography 
(SCX). Lanes: MW, protein molecular weight marker; 1, 
soluble protein fraction of lysate (S); 2, treated S by 
dilution and dialysis with excess Buffer 3; 3, flow-through 
collected when the treated S was loading to the column; 4, 
the collected protein eluted by 0-1 M NaCl in Buffer 3 in 
200 ml. A black arrow indicated the finally obtained 
protein which had a MW of ～40 kDa, but the MW of 
MRR5 as shown by Western blot analyses was ～50 kDa. 
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4.3.2.1 Cell lysis 
In the modified single-fraction extraction, a different strategy was used for cell lysis to 
transform S-MRR5 into IS-MRR5 so that the subsequent extraction steps could be carried out 
with only IS. As provided in the method Section 4.2.2,  after three freeze-thaw cycles and 
sonication, the cell suspension (in Buffer 3) was heated up to 72 ℃ in a water-bath heater. It 
was shown that the desired protein as a whole became insoluble (Figure 4.7). In the 
circumstances, recombinant MRR5 would be isolated from IS only, which could simplify the 
purification process. Most proteins underwent irreversible denaturation during the heating. It 
was not clear whether S-MRR5 was also denatured by the high-temperature heating or just 
enveloped by other denatured proteins, but maintaining soluble in acetic acid was an 
important premise for the following steps to isolate this protein. 
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Figure 4.7 Western blot analysis of distribution of recombinant MRR5 to S and IS in repeated 
experiments for cell lysis. (A) Cell pellets were resuspended in HAc-NaAc buffer (50 mM, pH 4.7) and 
subjected to three freeze-thaw cycles from -80 to 25℃, sonication and centrifugation for the separation 
of S and IS. (B) Cell pellets were resuspended in HAc-NaAc buffer (50 mM, pH 4.7) and subjected to 
three freeze-thaw cycles from -80 to 25℃, sonication, heating (72 ℃  in a water-bath) and 
centrifugation for the separation of S and IS. Lanes: MW, protein molecular weight marker; S, 
soluble supernatant fraction; IS, insoluble cell debris fraction. Recombinant MRR5 was indicated 
by black arrows. 
4.3.2.2 Primary extraction of MRR5 
As described in Section 4.3.1.2, high concentrations of salt and acetic acid were able to 
extract MRR5 from the IS. For the heated IS (up to 72 ℃), more proteins including MRR5 
became insoluble, and salt was unable to extract MRR5 since it might be enveloped by other 
denatured proteins. However, salt could be used to remove some undesired proteins before the 
acetic acid-extraction. Therefore, the IS obtained by heating method was treated by 0.5 M 
sodium chloride in Buffer 3 in the first place to remove part of undesired proteins (Figure 4.8 
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A and B, lane 1). The left insoluble fraction was subsequently treated with 25% acetic acid 
that redissolved MRR5 in whole (Figure 4.8 A and B, lane 4), thus excluding most undesired 
proteins in the finally left precipitate (Figure 4.8 A and B, lane 3).  
So far the preliminary extraction of recombinant MRR5 was fulfilled. Although a small 
amount of other proteins were also redissolved by 25% acetic acid (Figure 4.8 B, lane 4), they 
could be removed in the further extraction process. Also, it was significant to confirm that the 
acetic acid-soluble property of MRR5 was unaffected by heating, and hence this recombinant 
protein might be heat-stable without electrostatic bonds to other proteins. Finally, extracting 
MRR5 from the IS after heating was more convenient and efficient than extracting the protein 
from two separated fractions. Therefore, the single-fraction extraction had been preferred to 
obtain the crude extract of the desired protein.   
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4.3.3 Further extraction of MRR5 
It is known that the naturally extracted mussel adhesive proteins Cell-Tak (mixture of mgfp-1 
and mgfp-2) (Corning) are kept in 5% HAc to circumvent their peroxidation, damage in 
neutral to basic conditions. In this study, it was also a concern that MRR5 underwent 
peroxidation and hence lost adhesive ability. Besides, MRR5 could adhere to any contacting 
surface quickly under neutral or basic conditions. Therefore, an acidic buffer was preferred to 
protect the adhesive ability of the target protein as well as to inhibit its adhesion to the inner 
surfaces of laboratory vessels and equipment, such as the purification equipment and the 
matrix in the column used in the subsequent purification with Ni-NTA immobilized metal 
affinity chromatography (Ni-NTA IMAC). However, although 25% (pH 2.0) or 5% HAc (pH 
2.0-3.0) is acidic enough to prevent the adhesion, the very acidic conditions were harmful to 
Figure 4.8 (A) Western blot and (B) SDS-PAGE analyses 
against the extraction and purification of MRR5 by heating, 
acetic acid-extraction and Ni-NTA IMAC. Lanes: MW, 
protein molecular weight marker; S, soluble protein 
fraction; IS, insoluble cell debris fraction; 1 and 2,  0.5 
M NaCl-extract from IS and the left precipitate; 3 and 4, 
finally left insoluble part and 25% HAc-extract of the 
precipitate from the last step; 5 and 6, precipitate and 
supernatant of the 25% HAc-extract after dialysis in 0.5 
M NaCl in HAc-NaAc buffer (50 mM, pH 4.7); 7, flow-
through upon sample loading in a Ni-NTA IMAC 
purification; 8, eluate by 200 mM imidazole; 9, the first 
eluate by 500 mM imidazole; 10, the second eluate by 
500 mM imidazole. Recombinant MRR5 was indicated 
by black arrows. 
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the performance of Ni-NTA matrix. So the start buffer for the subsequent Ni-NTA IMAC was 
changed to Buffer 4 (50 mM HAc-NaAc, 500 mM NaCl, pH 4.7 [pKa 4.75]), which was 
suitable to balance between the need to prevent peroxidation of MRR5 and its adhesion to 
surfaces and the operating requirements of the Ni-NTA matrix. Salt was preferred to avoid the 
non-specific interactions between proteins and the matrix as well as to separate MRR5 from 
other proteins with ion-ion screening effects. 
Therefore, before the final purification of recombinant MRR5 using the chromatography, 
the 25% HAc-extract obtained from the last step was transferred to a dialysis tubing (Biosharp, 
MWCO 3.5 kDa), and then dialyzed in excess start buffer for Ni-NTA IMAC for 12 h at 4 ℃. 
Precipitate formation was observed during the dialysis process, and the supernatant was 
retrieved by centrifugation. The Western blot analyses showed that MRR5 remained in the 
supernatant while some undesired proteins precipitated during dialysis (Figure 4.8A, lane 5 
and 6). These results indicated that MRR5 was soluble in both 25% HAc and the start buffer, 
whereas some contaminants were merely 25% acetic acid-soluble. So the dialysis in the start 
buffer was not only a preparation for the final purification by Ni-NTA IMAC, but also an 
approach to the further extraction of MRR5.  
4.3.4 Final purification of MRR5 by Ni-NTA IMAC 
The recombinant protein MRR5 fused with a hexahistidine affinity ligand was expressed in 
E.coli under the regulation of the T7 promoter in both a soluble form and insoluble inclusion 
bodies. After the further isolation of MRR5 from the 25% HAc-extract, this recombinant 
protein was then to be finally purified by Ni-NTA IMAC. It was necessary to develop a 
practical elution strategy for obtaining the highly purified recombinant protein.  
So, Ni-NTA IMAC with gradual gradient elution (0-500 mM imidazole in 100 ml) using an 
ÄKTA Prime Plus (GE, Figure 4.9 D) was carried out first. At the very start of elution, no 
contaminant was removed as shown by the SDS-PAGE analyses (Figure 4.9B, lanes 5-8) until 
imidazole rose to 435-500 mM (Figure 4.9B, lanes 9 and 10). Although the finally obtained 
MRR5 was highly pure, its concentration had decreased after the affinity chromatography 
(Figure 4.9 A and B, lanes 2, 9 and 10), in which the gradient elution was operated too fast, 
and thus it was hard to determine a specific concentration of imidazole for eluting MRR5. 
Therefore, another Ni-NTA IMAC was conducted with step-wise elution for determining 
the optimal elution gradient. Multiple gradients were used for the elution, including 20 mM, 
40 mM, 60 mM, 80 mM, 100 mM, 150 mM, 200 mM, 300 mM, 400 mM and 500 mM 
imidazole. No MRR5 was detected in the SDS-PAGE analyses until 300 mM imidazole was 
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used (Figure 4.10, lanes 16 and 17), and the last fraction of MRR5 was eluted by 400 mM 
imidazole (Figure 4.10, lane 18). Although no contaminant was shown in the analyses, there 
could be undesired proteins contained in the eluates by ＜300 mM imidazole (Figure 4.10, 
lanes 5-15), which were highly diluted by the multi-gradient elution. In summary, the above 
results indicated that at least 300 mM imidazole was required for eluting MRR5, and 
contaminants could be removed by a lower concentration of imidazole. 
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Figure 4.9 (A) Western blot and (B) SDS-PAGE analyses against final purification of MRR5 by Ni-
NTA IMAC with gradual gradient elution. Lanes: MW, protein molecular weight marker; 1 and 2, 
precipitate and soluble protein fractions of the 25% HAc-extract after dialysis in 0.5 M NaCl in 
HAc-NaAc buffer (50 mM, pH 4.7); 3 and 4, flow-throughs upon sample loading to the column; 5-
8, eluates by ＜435 mM imidazole; 9 and 10, eluates by 435-500 mM imidazole; 11 and 12, 
subsequent eluates by 500 mM imidazole; 13, positive control (purified RR5, 45 kDa); 14, negative 
control [whole cell sample from the culture of E.coli BL21 (DE3) with pET28a]. MRR5 was indicated 
by black arrows. (C) Imidazole (green) and UV absorption (red) curves during the Ni-NTA IMAC. The 
UV absorption peak of MRR5 was marked by a black arrow. (D) ÄKTA Prime Plus system (GE). 
Finally, the Ni-NTA IMAC was performed with one-step elution of MRR5 with 500 mM 
imidazole at a flow rate of 2.5 ml/min after the removal of contaminants by 100 mM 
imidazole and 200 mM imidazole, respectively. As the SDS-PAGE analyses showed, the 
finally obtained recombinant MRR5 was highly pure (Figure 4.11 A, lanes 10 and 11). The 
reduced flow rate of elution buffer containing 500 mM imidazole provided a superior 
concentration effect for recombinant MRR5 (Figure 4.11 A, lanes 2, 10 and 11). Although 
some contaminants remained in the column until the loading of 500 mM imidazole, a 
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sufficient separation of these undesired proteins from recombinant MRR5 was achieved 
(Figure 4.11 A, lanes 8-10; Figure 3.14 B, UV absorption peaks indicated by a dark blue 
arrow and a black arrow, respectively). This phenomenon demonstrated that the binding force 
between the contaminants and the Ni Sepharose was weaker than that between recombinant 
MRR5 and the Sepharose. It was confirmed that in IMAC under native conditions, the 
majority of recombinant mgfp-5 could  be attach to the chromatographic resin due to its 
adhesive property [143], while no evidence showed that MRR5 was left in the column by 
adsorption to the Sepharose. Nevertheless, the attachment of MRR5 to the sepharose could be 
strong since 500 mM imidazole was required to elute the desired protein and this 
concentration is extremely high for Ni-NTA IMAC purification of recombinant proteins. This 
phenomenon might be related to the adhesive property of MRR5. Importantly, as shown by 
the purity analyses using Quantity One software (Bio-Rad), the proportion of MRR5 in the 
500 mM imidazole-eluted products was ＞90%.  
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Figure 4.10 SDS-PAGE analyses against final purification of MRR5 by Ni-NTA IMAC with stepwise 
elution. Lanes: MW, protein molecular weight marker; 1 and 2, precipitate and soluble protein 
fractions of the 25% HAc-extract after dialysis in 0.5 M NaCl in HAc-NaAc buffer (50 mM, pH 
4.7); 3 and 4, flow-throughs upon sample loading to the column; 5, an eluate by 40 mM imidazole; 
6, an eluate by 60 mM imidazole; 7 and 8, eluates by 80 mM imidazole; 9 and 10, eluates by 100 
mM imidazole; 11 and 12, eluates by 150 mM imidazole; 13, 14 and 15, eluates by 200 mM 
imidazole; 16 and 17, eluates by 300 mM imidazole; 18, 19 and 20, eluates by 400 mM imidazole; 
21 and 22, eluates by 500 mM imidazole. Recombinant MRR5 was indicated by a black arrow. 
4.3.5 Lyophilisation of MRR5 
For preservation and the subsequent characterization, the purified MRR5 had to be 
lyophilized, and the imidazole at a high concentration must be removed from the protein 
solution. Therefore, before lyophilisation, the MRR5 in the elution buffer was dialyzed in 5% 
acetic acid, which could hinder the oxidation of MRR5 and hence circumvent the loss of 
protein. Also, the volatility of acetic acid enabled its removal from the protein during 
lyophilisation.  
As previously described in Section 4.2.4, the lyophilized MRR5 was quantified for 
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determining its overall production level in E.coli culture. As the amount of obtained MRR5 
was too small to be determined by weighing, the obtained amount of this protein was 
determined as its concentration in a known volume (1 ml) of solution. Acetic acid (5%) and 
glycerol (10%) were used for the dissolution of the protein since they provided protection to 
the adhesion property and molecular intactness of MRR5 during the preservation at -80 ℃ 
without an influence on the accuracy of the data from the spectrophotometry (UV280nm). As the 
data from a series of experiments indicated, the final productivity of MRR5 in E.coli was ～ 1 
mg/L culture. Compared to the production levels of other relevant recombinant proteins, 
including hybrid mussel adhesive protein mgfp-151 (～1 g/L E.coli culture) [144] and rec1-
resilin (300 mg/L E.coli culture) [178], the productivity of MRR5 was relatively low, which 
would be addressed in the following chapter. 
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4.4 Summary 
In this chapter, it was confirmed that the recombinant protein MRR5 could be biosynthesized 
in both soluble and insoluble (inclusion bodies) forms in E.coli. It was found that MRR5 was 
a cationic protein which made the protein distinguished from most of other recombinant 
Figure 4.11 (A) SDS-PAGE analyses 
against final purification of MRR5 by 
Ni-NTA IMAC with one-step elution 
using 500 mM imidazole. Lanes: MW, 
protein molecular weight marker; 1, 
soluble protein fractions of the 25% 
HAc-extract after dialysis in 0.5 M 
NaCl in HAc-NaAc buffer (50 mM, 
pH 4.7); 2, flow-through upon sample 
loading in the Ni-NTA IMAC 
purification; 3 and 4, eluates by 100 
mM imidazole at a flow rate of 5 
ml/min; 5-7, eluates by 200 mM 
imidazole at a flow rate of 5 ml/min; 8 
and 9, the first eluate by 500 mM 
imidazol; 10, the second eluate by 500 
mM imidazole. Recombinant MRR5 
was indicated by a black arrow. (B) 
Imidazole (green) and UV absorption 
(red) curves during the Ni-NTA IMAC. 
The UV absorption peak of MRR5 was 
marked by a black arrow. The blue 
arrows indicated the UV absorption 
peaks of contaminants removed by 100 
mM, 200 mM and 500 mM, 
respectively. 
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proteins produced in E.coli that had anionic or neutral properties. Therefore, it was very 
challenging to extract MRR5 from undesired proteins by using frequently used extraction 
methods for anionic or neutral recombinant proteins, such as PEI-precipitation and salting out 
using ammonium sulfate, due to the peroxidation, damage and adhesive ability of MRR5 
under neutral to basic conditions and the strong electrostatic interactions between the 
recombinant protein and anionic undesired proteins from E.coli. 
After extensive experiments, a newly developed two-fraction extraction strategy was 
developed. In this process, MRR5 could be extracted from the soluble protein fraction and the 
insoluble cell debris fraction (IS) of lysate, respectively. It was found that MRR5 was cationic 
and acetic acid-soluble; and the MRR5 in the insoluble cell debris fraction (IS-MRR5) was 
composed of the MRR5 bound with anionic proteins in the IS and the MRR5 as inclusion 
bodies. So the usage of salt and acetic acid in a consecutive way was important for extracting 
all of IS-MRR5. While the extraction of MRR5 with this strategy was feasible, the process 
was tedious, laborious and ineffective. 
Therefore, based on the knowledge acquired from the development of the two-fraction 
extraction strategy, a modified single-fraction extraction scheme was developed. This superior 
extraction scheme in combination with Ni-NTA IMAC isolated the target protein with high 
purities from undesired proteins produced in E.coli cells. In this strategy, heating in 
combination with sodium chloride and acetic acid had significantly contributed to a more 
effective extraction of MRR5 from only the insoluble cell debris fraction of E.coli lysate. In 
further extraction, the acetic acid-extract was dialyzed in acetic acid buffer containing salt to 
remove more undesired proteins while preparing the extract  for the final purification using 
Ni-NTA IMAC, which resulted in the MRR5 with high purities (＞90%) comparable to that 
of the hybrid mussel adhesive protein mgfp-151 (~97%). It could be learned from the above 
results that: 1) the recombinant protein MRR5 was cationic and acetic acid-soluble; 2) MRR5 
was produced in both a soluble form and inclusion bodies in E.coli; 3) the soluble MRR5 
bound with undesired anionic proteins through electrostatic forces and kept soluble or 
precipitates depending on the status of the undesired proteins bound to it in the buffering 
conditions; 4) sodium chloride was useful to break the electrostatic interactions between 
MRR5 and the undesired proteins and hence enabled the extraction of MRR5 using acetic 
acid. It was the first report to successfully purify a cationic recombinant protein produced in 
both soluble and insoluble forms in E.coli cells. This result would provide fundamental 
contribution to the generation and studies of recombinant proteins with the similar properties 
and production characteristics to that of the recombinant protein MRR5. 
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The overall productivity of MRR5 (～1 mg/L) was calculated from the spectrophotometry 
data (UV280nm) of the purified protein in 1 ml of 5% acetic acid and 10% glycerol. The 
productivity of MRR5 was very low as compared with that of other recombinant proteins. 
This problem would be addressed and discussed in the following chapter.  
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Chapter 5 
Increasing the Yield of MRR5through 
Genetic Modification of E.coli and 
Modified Culture Conditions 
5.1 Introduction 
In Chapter 3 and 4, E.coli BL21 (DE3) pLysS had shown to be able to produce recombinant 
MRR5, which then was highly purified (> 90%) through heating, acetic acid-extraction and 
Ni-NTA IMAC. However, from E.coli culture in baffled flasks to final purification through 
Ni-NTA IMAC, the overall production yield of the recombinant protein MRR5 was very low 
(～1mg/L culture). As a higher production level of the recombinant protein is significant for 
providing materials to fulfil the final application and characterization needs, it is of vital 
importance to increase the production yield of the recombinant protein MRR5. Furthermore, 
investigations into the transcription level of the recombinant gene mrr5 and the cell growth of 
the E.coli under auto-induction conditions have been performed in Chapter 3, and the results 
indicated that the mRNA level, representing the transcription level, of mrr5 remained high 
and stable for 6 h during the culture process under auto-induction conditions; and the cell 
growth kept at a relatively low level during the culture process under auto-induction 
conditions. Therefore, two countermeasures, including raising the translation level of the 
recombinant gene in E.coli cells and increasing the cell growth of E.coli, can be conducted to 
cope with the problem of low production yield of the recombinant protein with E.coli.  
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5.1.1 Elevating the translation level of the 
recombinant gene for a higher production yield of 
the recombinant protein MRR5 
Since the production level of the recombinant protein MRR5 in E.coli cells depends on the 
transcription level and translation level of the recombinant gene mrr5, and the transcription 
level, represented by the mRNA level, of the recombinant gene mrr5 has been proven to be 
high and stable for a long duration under auto-induction conditions, the translation level of 
mrr5 becomes a limiting factor to the production of the protein in E.coli cells. Therefore, for 
the enhancement of production level of the recombinant protein MRR5 in E.coli cells, the 
translation of the recombinant gene mrr5 has to be raised to a higher level, which may be 
achieved through genetic modifications to the host organism. In specific, the translation level 
of mrr5 largely depends on the relationship between the amino acid composition of the 
recombinant protein and the corresponding tRNA pool in E.coli. In this study, pro-resilin, 
which is composed of 18 copies of the elastic repeat motif (GGRPSDSYGAPGGGN) of 
Drosophila resilin, is the dominant building block of the recombinant protein MRR5. 
Although the size of pro-resilin is just ～33 kDa, it is rich in glycine (36.2 %), and this 
proportion decreases slightly for MRR5 (～40 kDa) (32.5 % glycine). The high content of 
glycine residues can also be found in the famous spider silk proteins (43-45%) and this has 
become the major barrier for the successful production of a recombinant spider silk protein 
with a native size (250-320 kDa) [6]. Likewise, although the DNA sequence of the 
recombinant gene mrr5 has been optimized according to the codon bias of E.coli and the 
recombinant protein MRR5 has been successfully produced in E.coli in Chapter 3, the 
production yield is relatively low and can be partly attributed to the high content of glycine 
residues in MRR5 and the relatively low availability of tRNA
Gly
, which combines with 
glycine under the catalysis of glycyl-tRNA synthetase glyQS to form glycyl-tRNA for 
transporting glycine and then matches with mRNA through codon recognition during 
translation process. Therefore, for elevating the production yield of MRR5, the glycyl-tRNA 
pool can be enhanced by raising the level of tRNA
Gly
 and the glycyl-tRNA synthetase glyQS 
as shown in Figure 5.1. 
5.1.1.1 Current countermeasure for elevating tRNAGly 
and glycyl-tRNA synthetase in E.coli  
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Hundreds of therapeutic proteins applied in clinical applications have been produced through 
recombinant DNA technology for the past few decades, and Escherichia coli holds the 
dominant role in bacterial expression systems [216]. In recent years, E.coli has become the 
preferred platform for the recombinant expression of cross-species proteins with excellent 
properties for medical applications including spider silk proteins, resilin from arthropods, 
honeybee silk proteins, and spider web glue [4, 6, 82, 143, 147, 150, 182]. However, 
heterologous products and low production yield remain to be the major problems to E.coli as 
the recombinant expression platform for proteins with high Mw (molecular weight) and 
repeating units, such as spider dragline silk proteins (MaSp 1 and MaSp 2). It has been proven 
that the high-performance properties of spider dragline silks positively relate to the long 
sequences and repetitive modules of these two spidroins, but the attempts to obtain sufficient 
amount of recombinant spider silk proteins with Mw of more than 100 kDa failed [147, 253-
255].  
As aforementioned, the repetitive sequence within spider silk proteins are rich in glycine 
(44.9%); and the intrinsic difference of protein translation systems between the bacteria and 
spider can lead to an undersupply of tRNAs for transporting glycine (tRNA
Gly
), and hence 
premature termination errors in translation process, which results in heterologous products 
or/and low production yield. So the key to successful expression is the elevated tRNA
Gly
 and 
hence glycyl-tRNA pool within E.coli (Figure 5.1). Therefore, E.coli with an extra plasmid 
containing the genes (glyVXY) encoding tRNA
Gly
 has been adopted to enhance the expression 
of a recombinant spider silk protein with a molecular weight of 284.9 kDa, which was in 
accordance with that of natural spider silk proteins (250-320 kDa). Fibers spun from the 
recombinant spider silk proteins displayed similar mechanical properties to natural spider 
silks [6].  
The results above indicate that the overtranscription of tRNA
Gly
 is proven to be able to 
optimize the translation of the glycine-rich recombinant protein with a high molecular weight 
(＞100 kDa). So it is believed that the elevated tRNAGly level can also bring about more 
efficient translation, and thus higher production yield of glycine-rich recombinant proteins 
with a lower Mw (≤100 kDa), such as MRR5 (40-50 kDa). 
However, although the aforementioned measure, which is to use an extra plasmid to carry 
the genes (glyVXY) encoding tRNA
Gly
 [6], has enabled the expression of a recombinant 
protein with a high Mw, the obtained production yield is kept at a very low level. In fact, the 
formation of glycyl-tRNA is limited by both of tRNA
Gly
 and glyQS (glycyl-tRNA synthetase) 
(Figure 5.1), but the reported method has merely achieved the overtranscription of tRNA
Gly
 
with a plasmid, while relying on the up-regulation of glyQS by the cell itself instead of 
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inserting the gene glyQS, which encodes the synthetase glyQS, to the same plasmid, which is 
difficult due to the large size of the resultant plasmid and frame-shifting mutation caused by 
multiple splicing of the plasmid. Moreover, even if both glyVXY and glyQS have been carried 
by an extra plasmid into E.coli, an evident disadvantage of this strategy is that the plasmid can 
be lost during the reproduction process of E.coli cells. So this method may be insufficient to 
raise the production level of the target protein in this study. 
 
Apart from glycyl-tRNA and glyQS, the level of seryl-tRNA and serS (seryl-tRNA 
synthetase) can be important to the translation of MRR5, as serine is the second abundant 
(14%) amino acid in the protein. Therefore, to optimize the translational process of MRR5 to 
a more stable extent, a novel genetic engineering technology, which is able to generate the 
enhancement to multiple loci simultaneously within the genome of E.coli, is required to 
elevate the translation of the recombinant gene mrr5, and this technology is introduced below. 
5.1.1.2 Multiplex automated genome engineering (MAGE) 
for elevating tRNAGly and glycyl-tRNA synthetase in E.coli 
MAGE is a cyclic and scalable technology for simultaneously producing modifications to 
multiple locations on the chromosome in a population of cell. Four conditions are necessary 
for implementing this technology, including: 1) synthesized single-stranded DNA (ssDNA or 
ss-oligo), 2) bacteriophage λ-Red ssDNA-binding protein β; 3) the absence of gene mutS in 
the cells; 4) electroporation. In this research work, cyclic culture (at 30 ℃), induction (at 42 ℃ 
for the expression of protein β) and electroporation are carried out to the modified E.coli 
strain EcNR2 (mutS
-
, λ-Red+). In each MAGE cycle, cells are cultured at 30 ℃, 42 ℃ and 4 ℃ 
for cell growth, heat-shock and cooling. With the help of an automated MAGE device, the 
Figure 5.1 Metabolic pathways of the glycyl-tRNA in 
E.coli. The glycine is attached to tRNAGly by glycyl-
tRNA synthetase (glyQS) to form glycyl-tRNA. The 
synthetase is composed of two subunits glyQ and glyS. 
The uptake of extracellular glycine, biosynthesis and 
degradation by the cleavage system affect the 
intracellular level of glycine. GlyA is serine 
hydroxymethyltransferase. An up-regulation of glyA 
and glyS was detected upon the expression of spider silk 
proteins synthesis [6]. 
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cooled cells are concentrated with a filter membrane, and then resuspended in a wash buffer 
or water containing ss-oligos for the subsequent electroporation, which delivers the ss-oligos 
into the cells (Figure 5.2).  
A
B
 
After being delivered into the cells, the oligonucleotides (or ssDNA) bind with protein β, 
which then directs them to the lagging strand of the replication fork during DNA replication 
so that the allelic replacement can be achieved to the target sites within the genome. As a 
result, for tunning the twenty-four genes associated with the 1-deoxy-Dxylulose-5-phosphate 
(DXP) biosynthesis pathway, 4.3×10
8
 bp variants per cycle for 35 cycles have been generated 
by MAGE. A production increase of lycopene by 5-fold has been obtained among some 
variants isolated from about 10
5
 colonies in the screening process after 5-35 MAGE cycles  
[5].  
5.1.3 Increasing Aminoacyl-tRNA level in E.coli with 
MAGE 
With this highly efficient tool, the pool of glycyl-tRNA and seryl-tRNA can be elevated 
simultaneously to enhance the translational level of mrr5. Furthermore, it is believed that 
Figure 5.2 (A) Cycling diagram of MAGE at 
a total run time of 2-2.5 h for each cycle. 
About 95% cells were killed with a high 
voltage (18 kV cm
-1
) electroporation which 
introduced oligos into cells. The left cells 
were then recovered and grown to mid-log 
phase in liquid medium for the subsequent 
cycle. (B) Detailed schematic diagram of 
automated MAGE prototype devices 
including growth-chambers (green), fluidic 
pumps for transferring cells between 
chambers and exchanging media and buffers 
(blue), and transformation chambers with 
real-time generation of competent cells and 
synthetic DNA (yellow) [5]. 
 102 
 
MAGE makes changes directly to the chromosome of E.coli cells and the resultant genotypes 
can be more stable as comparing to the genetic modifications by using an extra plasmid. 
Therefore, to obtain new E.coli phenotypes with up-regulated aminoacyl-tRNA level, MAGE 
will be adopted to modify the following genetic components within the genome of E.coli 
BW25113 (mutS
-
): 1) the -35 and -10-box located at the upstream of genes encoding tRNA
Gly
; 
2) the RBS sequences at the upstream of genes encoding glycyl-tRNA and seryl-tRNA 
synthetases (glyQS and serS). Especially, this research will provide an insight into the 
application of MAGE to elevating the transcription of a gene through modifying the promoter 
including -35 and -10-box.  
Further analyses show that there are only two glycine codons GGC and GGU (GGT), 
which are recognized by the tRNAs encoded by the genes glyV, X and Y, in the DNA 
sequence of the synthesized recombinant gene mrr5. Besides, as these three genes lined up 
together on the same locus, it will be more convenient to perform MAGE to glyVXY than to 
the other tRNA
Gly
 genes scattered over a wide range of the chromosome. However, there are 
six different serine codons, and it is hard to distinguish a dominant one. So modifications to 
the tRNA
Ser 
genes will not be included in the plan, considering the requirement for decreasing 
the modification sites to ensure the success of MAGE.  
5.1.4 Increasing the productivity of the target protein 
through modified culture and induction conditions 
As aforementioned, other than elevating the translation level of the recombinant gene in 
E.coli cells, enhancement of the cell growth can be performed to achieve high cell density 
culture and hence increase the production yield of the recombinant protein MRR5. It is of 
worthy to notice that efficient production of recombinant proteins in high cell density culture 
of E.coli is highly relevant to the separation of growth and production phases, which is 
commonly achieved by delaying induction time, especially when the target protein is toxic to 
the host cells. Moreover, nutrient feeding strategy is critical for the high cell density culture 
that allows the high productivity of a desired protein production; and glucose is used as the 
growth limiting nutrient in most cases. However, the formation of acetic acid, resulting from 
the anaerobic degradation of glucose, affects cell growth, so glucose concentration in the 
culture broth is maintained at near zero, especially for the E.coli strain K12 and its derivatives. 
E.coli B and its derivatives, including BL21 (DE3) pLysS used for the production of MRR5 
in the current study, produce much less acetic acid even at the presence of excess glucose 
[Choi 2006]. Last but not negligible, other nutrients such as nitrogen sources, microelements 
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and amino acids are also important for the high cell density culture of E.coli to obtain the high 
production yield of recombinant protein.  
Therefore, in the current study, the auto-induction culture conditions used for the 
production of MRR5 in Chapter 3 can be modified in the aspects of nitrogen sources, carbon 
source (glucose), induction time and amino acids to achieve high cell density culture of E.coli 
for higher productivities of the recombinant protein MRR5. 
To sum up, in this chapter, we aim to elevate the production yield of the target protein 
MRR5 through enhancing the translation level of the recombinant gene mrr5 and increase the 
cell growth of E.coli. Specifically, for an enhanced translation level of the gene, we will 
develop a novel genetic engineering method to up-regulate the transcription of tRNAs and the 
translation of aminoacyl-tRNA synthetases related to the production of MRR5 in E.coli cells.  
In the first stage, the target sites on the chromosome for modification will be determined, and 
the corresponding ss-oligos for allele replacement will be designed and synthesized. The 
second stage is to perform the technology using heat-shocking and electroporation for 
multiple cycles in order to introduce the ss-oligos into the E.coli cells for genetic 
modifications to the target sites. The third stage is to screen the cell populations survived in 
the repeated electroporation. Also, we aim to make improvements to the culture and induction 
of E.coli cells to tackle the problem of low productivity. For the enhancement of cell growth, 
a series of adjustments will be made to the nutrient composition, feeding strategy and 
induction time of the culture medium (ECM) used in Chapter 3. Meanwhile, E.coli cultures in 
the minimal medium M9 with modifications will be adopted to investigate the cell growth and 
MRR5 production in the absence of lactose. 
The remainder of the chapter is organized as follows. Section 5.2 presents the experimental 
details regarding the MAGE for the genetic modification of E.coli, as well as the 
optimizations to the E.coli culture for superior productivities of the protein. Section 5.3 
provides the obtained results from the experiments and the related discussions. Finally, 
Section 5.4 sumarrizes the work. 
5.2 Materials and methods 
5.2.1Genetic modification of E.coli through MAGE 
5.2.1.1 Preparation of the desired E.coli strain 
To obtain a suitable E.coli strain for MAGE, a single-gene deletion mutant of E.coli K-12, 
which was BW25113 (mutS
-
), from the Keio collection [245] was used as the original strain. 
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The plasmid pKD 46, which carried the genes encoding bacteriophage λ-Red recombination 
system (including ssDNA-binding protein β), was transformed into the original strain to 
construct the desired E.coli strain BW25113 (mutS
-
, λ-Red+). Details regarding this 
preparation were illustrated as follows.  
Isolation of the plasmid pKD 46 
A freshly streaked LB-agar (supplemented with 100µg.ml
-1
 carbenicillin) of E.coli DH5α-
pKD 46 was grown at 30 ℃ for 12 h. Then a single colony on the LB-agar was inoculated to 
4 ml of LB (supplemented with 100µg.ml
-1
 carbenicillin) and grown at 30 ℃ for 12 h at 200 
rpm. Cells from 2 ml of the overnight culture were pelleted (12,000g for 10 min) for the 
subsequent extraction of pKD 46, which was carried out with High Pure Plasmid Isolation Kit 
(Jiecheng Biological Technology, Hangzhou) according to the instruction provided by the 
manufacturer. The obtained plasmid pKD 46 in TE buffer was then analysed using a 
spectrophotometer for its concentration, and then kept at -20 ℃.  
Preparation of BW25113 (mutS
-
) competent cells 
Preparation of the required competent cells was  carried out in accordance with the standard 
protocol [244]. A freshly streaked LB-agar (supplemented with 100µg.ml
-1
 kanamycin) of 
BW25113 (mutS
-
) was grown at 37 ℃ for 12 h. After that, a single colony on the LB-agar 
was inoculated to 50 ml of LB (supplemented with 100µg.ml
-1
 kanamycin) and grown at 37 ℃ 
for 12 h at 200 rpm. 25 ml of the overnight culture was used to inoculate 500 ml of LB 
(supplemented with 100µg.ml
-1
 kanamycin) and grown at 37 ℃ at 250 rpm with the A600 
being measured every 20 min. The 500 ml culture was placed in an ice-water bath for 30 min 
immediately after the A600 reached 0.35-0.4. A slow shaking was required from time to time to 
ensure the culture was fully cooled during the ice-water bath.  
Cells were pelleted by centrifugation (4, 000g at 4 ℃ for 5 min) from the cooled culture. 
The resultant pellet was washed with 500 ml of cooled Milli-Q water, 250 ml of cooled 10% 
glycerol, and 10 ml of cooled 10% glycerol. Then the cells were pelleted (4, 000g at 4 ℃ for 
5 min), and resuspended in 2 ml of cooled GYT (10% glycerol, 0.125% yeast extract and 0.25% 
tryptone) by gentle shaking instead of pipetting or vortex. For electroporation, the required 
density of the competent cells was 2-3 × 10
10
/ml, meaning ～100 OD (1.0 OD = ～2.5 × 
10
8
/ml for most E.coli strains). After A600 measuring, the competent cells in GYT would be 
diluted to the required density with more GYT. 80 µl of the finally obtained competent cell 
suspension (in GYT) was transferred to a 0.2-cm cuvette for electroporation (2.5 kV, 200 Ω, 
25 µF). If the short circuit exists, the left suspension is washed again using cooled GYT until 
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the conductivity of the suspension is low enough (< 5mEq). Finally the competent cell 
suspension was kept in 80-µl aliquots in 1.5-ml centrifuge tubes at -80 ℃ for the subsequent 
transformation. 
Transformation of pKD 46 into BW25113 (mutS
-
) 
An aliquot (80 µl) of BW25113 (mutS-) competent cell suspension was placed on ice for thaw. 
1µl of pKD 46 (10 pg – 25 ng) was added to the thawy cell suspension, and the tube was left 
on ice for 60 s. The mixture of competent cells and pKD 46 was then transferred to a 0.2-cm 
cuvette, which was then subjected to electroporation (2.5 kV, 200 Ω, 25 µF) with a Gene 
Pulser Xcell (Bio-Rad). 2 ml of warm SOC (30℃, 2% tryptone, 0.5% yeast extract, 0.05% 
NaCl, 2.5 mM KCl, 10 mM MgCl2 and 20 mM glucose) was added to the mixture in a 50-ml 
centrifuge tube immediately after the electroporation. After that, the cells were grown at 30℃ 
at 250 rpm for 2 h for recovery.  
The culture from the last step was diluted by 10-fold, 100-fold and 1000-fold, respectively. 
100 µl of the diluted cultures were inoculated to SOB-agars (supplemented with 100µg.ml
-1
 
kanamycin and 100µg.ml
-1
 carbenicillin), which were then grown at 30℃ after the cultures 
were totally absorbed to the agars. Single colonies appeared on the agars in 16 h.  
5.2.1.2 MAGE 
Ten cycles of MAGE were planned to tune six sites on the chromosome of BW25113 (mutS
-
, 
λ-Red+). Before MAGE cycles, the preparation of BW25113 (mutS-, λ-Red+) competent cells 
was carried out first. Meanwhile, determination of the positive colony of BW25113 (mutS
-, λ-
Red
+
) was conducted by Real-Time PCR analyses against the expression of β-protein. All 
steps in each cycle were carried out according to the reported method [5], and the standard 
protocols for molecular cloning experiments [244] with modifications. 
Preparation of BW25113 (mutS
-, λ-Red+) competent cells 
A single colony on the SOB-agar from the last step was inoculated into 50 ml of LB 
(supplemented with 100µg.ml
-1
 kanamycin and 100µg.ml
-1
 carbenicillin) in a 250-ml baffled 
flask and grown in a rotator drum at 250 rpm at 30 ℃ for 12 h. 25 ml of the overnight culture 
was inoculated into 500 ml of LB (supplemented with 100µg.ml
-1
 kanamycin and 100µg.ml
-1
 
carbenicillin) in a 2-L baffled flask and grown in a rotator drum at 250 rpm at 30 ℃with the 
A600 being measured every 1 h. The flask was moved to a water-bath at 42 ℃ for 15 min to 
induce the expression of λ-Red proteins immediately after the A600 reached 0.35. After the 
heat shock, 1 ml of the culture was kept at -80 ℃ in 10% glycerol for the subsequent Real-
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Time PCR analyses against β-protein. 
The left culture was chilled in an ice water-bath for at least 15 min. The cells were 
subsequently made electrocompetent by thrice pelleting and resuspending in 500 ml of cold 
Milli-Q water, 250 ml of cold 10 % glycerol and 10 ml of cold 10 % glycerol, respectively. 
The cells were finally collected by centrifugation (4, 000g at 4 ℃ for 5 min) and resuspended 
in 2 ml of GYT by gentle shaking instead of pipetting or vortex. After A600 measuring, the 
competent cells in GYT were diluted to the required density (～100 OD) with more GYT. 80 
µl of the finally obtained competent cell suspension (in GYT) was transferred to a 0.1-cm gap 
cuvette for electroporation (1.8 kV). If the short circuit exists, the left suspension is washed 
again using cooled GYT until the conductivity of the suspension is low enough (< 5mEq). 
Finally the competent cell suspension was kept in 80-µl aliquots in 1.5-ml centrifuge tubes at 
-80 ℃ for MAGE. 
Real-Time PCR analyses against β-protein 
In the last step, 1 ml culture was reserved after the heat shock (42 ℃) for determining the 
expression of  λ-Red proteins with Real-Time PCR analyses. Total RNA was isolated from 
the specimen with Eastep
TM
 Total RNA Extraction Kit (Promega) in accordance with  the 
protocol provided by the manufacturer.  
Cells were pelleted (12, 000g for 2 min) in a 1.5-ml microtube, and resuspended gently in 
100 µl of TE buffer containing lysozyme (1 mg/ml). The suspension was kept at room 
temperature for 3-5 min. 75 µl of RNA lysis buffer was added to the suspension and mixed 
well. Then 350 µl of RNA diluent was added to the lysate from the last step, and mixed well 
by inverting the microtube for 3-4 times. 200 µl of ethanol was added to the mixture from the 
last step, and mixed well by pipetting for 3-4 times. The resultant mixture was transferred to a 
spun-column, which was then put into a collecting tube for the following centrifugation 
(12,000g for 1 min). The flow through was discarded. 600 µl of RNA washing buffer was 
added to the spun-column, followed by centrifugation (12,000g for 1 min), and the flow-
through was discarded. In the meantime, 40 µl of yellow core buffer, 5 µl of MnCl2 (0.09 M), 
and 5 µl of DNase I are mixed gently in a microtube. The resultant mixture was added to the 
absorption film in the spun-column, and kept at room temperature (20-25 ℃) for 15 min. 200 
µl of DNase stop buffer was added to the column, followed by centrifugation at 12,000g for 1 
min.  
The total RNA in the absorption film was subsequently washed twice by 600 µl and 250 µl 
of RNA washing buffer, and finally eluted with 50 µl of DNase-free water by centrifugation 
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(12, 000g for 1 min). The total RNA in DNase-free water was kept at -80 ℃  for the 
subsequent steps, including gDNA (genomic DNA) elimination reaction, reverse-transcription 
reaction and Real-Time PCR.  
Elimination of gDNA and reverse-transcription reaction for obtaining cDNA were 
conducted with the PrimeScript
TM
 RT reagent Kit (TaKaRa) in accordance with the protocol 
provided by the manufacturer. A short-time agarose electrophoresis analysis was needed for 
checking the quality of the total RNA after gDNA was removed. The treated RNA was used 
as a template in the reverse-transcription reaction with primer P13. Finally, the Real-Time 
PCR was carried out with primers P12 (5’- GCGTTACCGAATGGATGGA-3’) and P13 (5’- 
TCCGTTTGGGATGCGACT-3’), and the Power SYBR Green PCR Master Mix (ABI) using 
the 7500 Real-Time PCR System (ABI). These primers amplified a 96-bp sequence within the 
gene encoding β-protein of λ-Red system. Plasmid pKD 46 and sterile Milli-Q water was used 
as the positive control (PC) and negative control (NC), respectively. The obtained data 
(mRNA level) was normalized to the level of 16 S rRNA.  
MAGE cycles 
80 µl of BW25113 (mutS
-, λ-Red+) competent cells was placed on ice for thaw. After that, 2 
µl of each ss-oligo (30 µM) (Table 5.1, HR1-HR6) was added to the competent cell 
suspension to the final concentration of 0.65 µM. The mixture was kept on ice for 1 min, and 
then transferred to a 0.1-cm gap cuvette for the electroporation (1.8 kV, 200 Ω, 25 µF) using a 
Gene Pulser Xcell (Bio-Rad). 2 ml of warm SOC (30 ℃, supplemented with 100µg.ml-1 
kanamycin and 100µg.ml
-1
 carbenicillin) was added to the mixture immediately after the 
electroporation.  
The cells were then grown at 30 ℃ in a 50-ml centrifuge tube at 250 rpm overnight for 
recovery. 250 µl of the overnight culture was inoculated into 50 ml of LB (supplemented with 
100µg.ml
-1
 kanamycin and 100µg.ml
-1
 carbenicillin) and grown at 30 ℃ at 250 rpm with the 
A600 being measured every 1 h. The culture was placed in an ice-water bath for at least 15min 
immediately after the A600 reached 0.4. After that, the cells were made electrocompetent by 
thrice pelleting (4, 000g at 4 ℃ for 5 min) and resuspending in 25 ml of cooled GYT. At last, 
the cells were collected (4, 000g at 4 ℃ for 5 min) and resuspended in 192 µl of cooled GYT.  
112 µl of the resultant cell suspension was kept at -80 ℃ as a specimen. The left 80 µl 
suspension was used as the competent cells for the next MAGE cycle. 10 MAGE cycles (each 
cycle included electroporation, recovering culture and competent cell preparation) were 
performed for the modification of six sites within the genome of E.coli BW25113 (mutS
-
, λ-
 108 
 
Red
+
). Finally, the recovered culture (2 ml) from the last cycle was diluted by 10
7
-fold, and 
then inoculated to SOB-agars (supplemented with 100µg.ml
-1
 kanamycin and 100µg.ml
-1
 
carbenicillin) which were grown at 30 ℃. Single colonies appeared on the agars in 16 h.  
Apart from the MAGE given above, another MAGE with an improved protocol (improved 
MAGE) was performed. Details regarding to the improved MAGE were provided as follows. 
ss-oligo Target Sequence (5’-3’) 
HR1 -35 box of glyVXY C^A^G^C^ACTTGAGATAAAAACGCAAAAAAA
ACTTTTTTGGGGGG(TTGTTG)*AGGGAAAGAT
TTCTCGTATAATGCGCCTCCCGTAACGACGCA 
HR2 -10 box of glyVXY C^A^A^A^AAAAACTTTTTTGGGGGGTTGTTGA
GGGAAAGATTTC(CAGTAATAT)*GCGCCTCCC
GTAACGACGCAGAAATGCGAAAATTACGAAA 
HR3 -35 box of glyQS G^C^A^T^CTTTCCATGCGTTAAGCCCTGCTTTT
TCCCGTTTCGTA(TTCCCC)*ATCTTCCATCCAG
CGGGTATACTGATCCCTTCCTTTAAATCC 
HR4 -10 box of glyQS G^C^A^T^CTTTCCATGCGTTAAGCCCTGCTTTT
TCCCGTTTCGTATTCCCCATCTTCCATCCAGC(T
GTTTAACT)*GATCCCTTCCTTTAAATCC 
HR5 RBS (ribosome-binding site) of 
glyQS with changes to -35-box 
and -10-box 
A^G^C^T^GTTTAACTGATCCCTTCCTTTAAATC
CACACGTATC(DDRRRRRDDDD)*AATATGCAA
AAGTTTGATACCAGGACCTTCCAGGGCTTG 
HR6 RBS (ribosome-binding site) of 
serS 
T^G^G^T^CGCAGGCTGTGGCCACATCTCCCAT
TTAATTCGATA(DDRRRRRDDDD)*AGCATGCT
CGATCCCAATCTGCTGCGTAATGAGCCAGAC 
HR7 RBS (ribosome-binding site) of 
glyQS without changes to -35-box 
and -10-box 
A^G^C^G^GGTATACTGATCCCTTCCTTTAAATC
CACACGTATC(DDRRRRRDDDD)*AATATGCAA
AAGTTTGATACCAGGACCTTCCAGGGCTTG 
Table 5.1 DNA Sequence of synthesized ss-oligos for MAGE. The four bases on the 5’-end were 
modified with phosphorothioate. 
 (Bold)
*
: Target sequences after replacement (D=A, G, T; R=A, G). 
5.2.1.3 Improved MAGE 
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As only two sites within the genome of E.coli BW25113 (mutS
-, λ-Red+) were targeted, five 
improved MAGE cycles were planned based on the belief that modifications to less sites 
demand less MAGE cycles to take effects. The improved MAGE in this study included one 
start-up cycle and four follow-up cycles. The first cycle (start-up cycle) was different from the 
follow-up cycles, since determination of the positive colony of BW25113 (mutS
-, λ-Red+) as 
well as the preparation of BW25113 (mutS
-, λ-Red+) competent cells would be conducted 
simultaneously in this cycle. All steps in each cycle were carried out according to the reported 
method with modifications [256].  
Start-up cycle 
A single colony from the last step was inoculated into 7 ml of LB (supplemented with 
100µg.ml
-1
 kanamycin and 100µg.ml
-1
 carbenicillin) and grown in a glass tube in a rotator 
drum at 250 rpm at 30 ℃ with the A600 being measured every 1 h. The glass tube was moved 
to a water-bath at 42 ℃ for 15 min to induce the expression of λ-Red proteins after the A600 
reached 0.7. After the heat shock, 1 ml of the culture was kept at -80 ℃ in 10% glycerol for 
the Real-Time PCR analysis against β-protein, which was performed in the same manner as 
the aforementioned in section 5.2.1.2.  
The left culture (2 ml) in the glass tube was chilled on ice immediately for at least 5 min. 
The cells were subsequently made electrocompetent in two 1-ml aliquots by twice pelleting 
and resuspending in cold sterile Milli-Q water, and finally concentrated by 20-fold in 50 µl of 
Milli-Q water containing 5 µM (total concentration) ss-oligos (Table 5.1, HR6 and HR7). 
Each mixture was then transferred to a 1-mm gap cuvette for the subsequent electroporation 
with a Bio-Rad Xcell
TM
 GenePulser (1800 V, 25 mF, 200 Ω), and then removed to 3 ml of 
warm LB (30 ℃) with 0.4% glucose immediately after the electroporation. For recovery, the 
culture was grown at 30 ℃ for at least 3h  to allow segregation of modified alleles and 
division into clonal daughter cells before plating on a LB-agar (supplemented with 100µg.ml
-1
 
kanamycin and 100µg.ml
-1
 carbenicillin). 
Follow-up cycles 
Recovered culture from the last step was plated on a LB-agar (supplemented with 100µg.ml
-1
 
kanamycin and 100µg.ml
-1
 carbenicillin), which was grown at 30 ℃ for 12 h. Single colonies 
on each LB-agar were washed off by 10 ml of sterile 10% glycerol. 20 µl of each resultant 
cell suspension was inoculated to 4 ml of LB (supplemented with 100µg.ml
-1
 kanamycin and 
100µg.ml
-1
 carbenicillin), and grown in a glass tube in a rotator drum at 250 rpm at 30 ℃with 
the A600 being measured every 1 h. The glass tube was moved to a water-bath at 42 ℃ for 15 
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min to induce the expression of λ-Red proteins after the A600 reached 0.7. 1 ml of culture was 
kept at -80 ℃ in 10% glycerol before the water-bath. The left culture (1 ml) was chilled on 
ice immediately after the heat shock for at least 5 min.  
The cells were subsequently made electrocompetent in the same manner as above in the 
start-up cycle. After twice pelleting and resuspending in cold sterile Milli-Q water, the cells 
were resuspended in 50 µl of Milli-Q water containing 5 µM (total concentration) ss-oligos 
(Table 5.1). The mixture was then transferred to a 1-mm gap cuvette for the subsequent 
electroporation with a Bio-Rad Xcell
TM
 GenePulser (1800 V, 25 mF, 200 Ω), and then 
removed to 3 ml of warm LB (30 ℃) with 0.4% glucose immediately after the electroporation. 
The culture was grown at 30 ℃ at 250 rpm for at least 3h  to allow segregation of modified 
alleles and division into clonal daughter cells before plating on a LB-agar (supplemented with 
100 µg.ml
-1
 kanamycin and 100µg.ml
-1
 carbenicillin). The follow-up cycle was repeated four 
times as required. 
5.2.1.4 Screening of BW25113 (mutS-, λ-Red+) with 
desired genotypes 
After five MAGE cycles, single colonies on the LB-agar were inoculated to a 96-well culture 
plate (Corning) and grown at 30 ℃ for 6 h. Then the culture was kept at 4 ℃. At the first 
stage of screening, semi-nested PCR was performed using the single colony cultures as 
templates. The primers (Table 5.2) used in the PCR were designed based on the genome 
sequence for E.coli BW25113 (GenBank: CP009273.1). These primers amplified the context 
sequences of the target sites on the chromosome of the cells (appendix A). Specifically, a 
normal PCR was performed with a pair of outer-primers. After agarose electrophoresis 
analyses, the amplified products by the outer primers were used as the templates in the second 
round PCR using an inner primer (sense), which included the predicted sequence of the target 
site, and an outer primer (antisense). The finally obtained PCR products were analysed by 
agarose electrophoretic analyses. The positive samples were sent to DNA sequencing 
(Genscript) for the final verification. 
5.2.2 Investigation into the cell growth and MRR5 
expression with modified media and induction 
strategies 
To investigate the cell growth of E.coli and production of MRR5 in different culture  
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Target gene Primer Sequence (5’-3’) Description 
glyVXY 
Sense 
P2 GATGTCAGCACCCTGAAAGAGC Outer primer, worked with P5, amplifying a 711 bp sequence 
P3 GGGTTGTTGAGGGAAAGATTTC Inner primer, worked with P20, amplifying a 688 bp sequence 
P4 ATTTCTCGTATAATGCGCCTCC Inner primer, worked with P20, amplifying a 671 bp sequence 
P19 TCGTAGTCGGGCTTCTCCTTAG Outer primer, works with P20, amplifying a 1545 bp sequence 
Antisense P5 AACCAGCAATAACGCATCGC Outer primer, works with P2, amplifying a 711 bp sequence 
P20 AACAGCGTCTGGTTCGGGTGA Outer primer, worked with P3/P4/P19, amplifying688, 671 and 1545 bp sequences 
glyQS 
Sense 
P7 TTCCCCATCTTCCATCCAGC Inner primer, worked with P9, amplifying a 625 bp sequence 
P8 CAGCTGTTTAACTGATCCCTTCC Inner primer, worked with P9, amplifying a 609 bp sequence 
P21 ATCATTTGGTTGGCGCACTGGA Outer primer, worked with P9, amplifying a 1082 bp sequence 
P22 GGCACTGTGTTTGGGTTAGCGAT Outer primer, worked with P25, amplifying a 2982 bp sequence 
P23 GTGACGGGGCTAACACTATGAG Outer primer, worked with P24, amplifying a 1605 bp sequence 
Antisense 
P9 CAGACCAGGTCGTAAACGCTGT Outer primer, worked with P7, P8 and P21, amplifying 625, 609 and 1082 bp sequences 
P24 AGCCGCCTCTTACTTATCTTTGTTG Outer primer, worked with P23, amplifying a 1605 bp sequence 
P25 GTCGGTGTTGAAGAAGAACTCGG Outer primer, worked with P22, amplifying a 2982 bp sequence 
serS 
Sense 
P10 ATGAAGGAAATGGGCTACGG Outer primer, worked with P11, amplifying a 892 bp sequence 
P27 GATGGCGGATATGGCCGAAG Outer primer, worked with P31, amplifying a 2184 bp sequence 
P28 GGTACGTGGTAGCGCACCC Outer primer, worked with P29, amplifying a 1432 bp sequence 
Antisense 
P11 CCAGGTACGGAACATAGTTCTCACT Outer primer, worked with P10, amplifying a 892bp sequence 
P29 GGTGTGGGCGGTCATCTTAA Outer primer, worked with P28, amplifying a 1432 bp sequence 
P31 CACTCGAAAGTAGTATTACGTGTAAGTG Outer primer, worked with P27, amplifying a 2184 bp sequence 
Table 5.2 Primers for the screening of E.coli with desired genotypes. Predicted sequences of some target sites (bold) were covered by the inner primers. 
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conditions, a series of adjustments were made to the composition of the expression medium 
ECM and induction time. In addition, cultures in the minimal medium M9 with modifications 
were studied as to the cell growth without basal expression of the recombinant gene and 
MRR5 production. In total, there are twenty one different culture formats included in the 
investigation (Table 5.3). The culture of E.coli harbouring the recombinant gene was 
performed with these varied formats as described below. 
A single colony on a freshly streaked LB-agar (with Kan
R
 and Chl
R
) of E.coli BL21 (DE3) 
pLysS-pET28a/mrr5 was inoculated into 50 ml of similarly supplemented LB in a 250-ml 
baffled flask, and grown at 37 ℃ at 220 rpm for 12 h. For each modified culture (Table 5.3), 
1 ml of the overnight culture was inoculated into 100 ml of modified medium with Kan
R 
and 
Chl
R
 in a 500-ml baffled flask. The culture was grown at 37 ℃ at 220 rpm in a drum rotator 
for 16 h. After the fermentation, cell density of each culture was determined as A600 with a 
spectrophotometer. Meanwhile, Cells from 2 ml of each culture were pelleted and then 
resuspended in 200 µl of Tris-HCl (100 mM, pH 8.0). SDS-PAGE electrophoreses were 
conducted against these whole cell specimens for Western blot analyses to determine the 
optimal conditions for producing MRR5.   
After the optimal culture conditions were determined, the E.coli culture with the 
determined medium composition and induction strategy was carried out in different 
fermentation vessels including a 5-L bioreactor with stirring (220 rpm) and aeration, and 2-L 
baffled flasks with shaking (220 rpm) at 37 ℃ for 16 h. 
5.3 Results and discussion 
5.3.1 Genetic modification of E.coli through MAGE 
5.3.1.1 Growth of E.coli after MAGE and improved MAGE 
After ten MAGE cycles, growth situation of the recovered cells on SOB-agars showed that a 
significant amount of cells died due to the repeated electroporation. To be specific, only six 
colonies were obtained for the parallel sample No. 1. In comparison, more colonies were 
observed for the other two parallel samples (No. 2 and 3) (Figure 5.3). According to the 
calculations, the concentrations of recovered cells for these three parallel specimens were  ～2
×1010/ml, ～3.3×1010/ml and ～1×1012/ml, respectively. However, this phenomenon was 
absent from the improved MAGE. It was unclear if the major difference in the cell amounts of 
the parallel samples was related to their different modification degrees, until more analyses  
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Medium Composition 
Different culture conditions 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
ECM 
Tryptone 
20 
g/L 
40 
g/L 
40 
g/L 
40 
g/L 
20 
g/L 
20 
g/L 
20 
g/L 
40 
g/L 
40 
g/L 
40 
g/L 
20 
g/L 
20 
g/L 
20 
g/L 
20 
g/L 
20 
g/L 
20 
g/L 
20 
g/L 
20 
g/L 
20 
g/L 
- - 
Yeast extract 
20 
g/L 
40 
g/L 
40 
g/L 
40 
g/L 
20 
g/L 
20 
g/L 
20 
g/L 
40 
g/L 
40 
g/L 
40 
g/L 
20 
g/L 
20 
g/L 
20 
g/L 
20 
g/L 
20 
g/L 
20 
g/L 
20 
g/L 
20 
g/L 
20 
g/L 
- - 
Glucose 0.1
% 
0.2
% 
0.4
% 
0.6
% 
0.1
% 
0.1
% 
0.1
% 
0.2
% 
0.4
% 
0.6
% 
0.1
% 
0.1
% 
0.1
% 
0.2
% 
0.4
% 
0.6
% 
0.2
% 
0.4
% 
0.6
% 
- - 
IPTG (0.4 
mM) 
0 h 0 h 0 h 0 h 3 h 5 h 7 h 3 h 5 h 7 h 3 h 5 h 7 h 0 h 0 h 0 h 7 h 7 h 7 h - - 
Glycine and 
asparaginic 
acid 
- - - - - - - - - - 
0.5
% 
0.5
% 
0.5
% 
- - - - - - - - 
M9 
0.1% glucose - - - - - - - - - - - - - - - - - - - 0 h - 
0.2% glucose - - - - - - - - - - - - - - - - - - - 3 h - 
0.3% glucose - - - - - - - - - - - - - - - - - - - 5 h - 
0.6% glucose - - - - - - - - - - - - - - - - - - - - 0 h 
Glycine and 
asparaginic 
- - - - - - - - - - - - - - - - - - - 0.5
% 
0.5
% 
IPTG (0.4 
mM) 
- - - - - - - - - - - - - - - - - - - 7 h 7 h 
1% glycerol - - - - - - - - - - - - - - - - - - - 7 h 7 h 
Table 5.3 Modified medium composition for the culture (in baffled flasks) of E.coli BL21 (DE3) pLysS containing pET28a/mrr5. 0 h, 3h, 5 h and 7 h denote the timing for 
the addition of inducer (IPTG) or carbon sources (glucose and glycerol) during the culture process. 
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were performed for the screening of desired genotypes. 
 
Figure 5.3 Single colonies of E.coli grown on SOB-agars after performance of MAGE to three parallel 
samples. 
5.3.1.2 Screening of E.coli after MAGE 
In the plan, the promoter (including -35 and -10-box) of glyVXY and glyQS would be tuned by 
replacing the original sequences with the desired ones. Specifically, for these five genes, the 
original sequences of the -35-box and -10-box were TTGCAG and TCGTATAAT, 
respectively. As the gene lysT encoded the tRNA
Lys
, which corresponded to the codon AAA 
that had a relatively high usage preference, its promoter was believed to possess a high 
affinity to RNA polymerase.  
So for reinforced transcription of glyVXY and glyQS, their promoters would be changed to 
TTGTTG and CAGTAATAT (-35-box and -10-box of the gene lysT). In the meantime, RBS 
of glyQS and serS would be modified to DDRRRRRDDDD (D=A, G, T; R=A, G) as reported 
to elevate the mRNA-ribosome combination [5], and hence promote the translation of glycyl-
tRNA and seryl-tRNA synthetases.  
According to the reported methodology of MAGE, the replacement sequence was flanked 
by two ～40-bp homologous sequences from the context of the target site to form a 90-nt ss-
oligo for the homologous replacement with the maximum efficiency [5]. In this study, six 90-
nt ss-oligos (HR1-HR6 in Table 5.1) were synthesized and applied in ten MAGE cycles as 
described in section 5.2.1.2. At the very start of the screening, the single colonies from the 
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three parallel samples (Figure 5.3) were grown in LB in 96-well plates for several hours. The 
cultures were then used as the templates in a PCR analysis performed with two sets of inner- 
and outer-primers (Table 5.2, P3/P4-P5 and P7/P8-P9) to simultaneously detect the changes to 
four locations, namely the promoters of glyVXY and glyQS.  
However, the electrophoresis analyses against the PCR products provided insufficient 
information regarding to whether the target sites were modified as predicted. Considering that 
the annealing efficiency of the inner-primers might be low, the screening strategy was then 
changed from one-step PCR to the semi-nested PCR with two steps: 1) a normal PCR using 
outer primers would be carried out to amplify a target location and its context; 2) the obtained 
PCR product would be used as the template for a sub-PCR using an inner- primer and an 
outer-primer used in the normal PCR. Electrophoresis analyses would be performed against 
the finally obtained products to provide a snapshot of the target sites. 
Nonetheless, only P19 and P20 among the outer-primers (Table 5.2) worked well for the 
normal PCR against the parallel samples No. 2 and 3 (Figure 5.4). Although the following 
sub-PCR with the inner-primers P3 and P4 resulted in some nonspecific products, the desired 
product (688 bp) dominated in the electrophoretic analyses (Figure 5.4 C). No positive result 
was obtained with other outer primers against all the three parallel samples. This indicated 
that the context sequences of genes glyQS and serS might be largely changed beyond 
expectations. 
M
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Figure 5.4 Electrophoretic analyses against the semi-nested PCR for amplifying the context sequences 
of genes glyVXY with samples No. 1 and 3. (A) Analysis against the normal PCR using the outer 
primers P19 and P20 with 16 colonies of samples No. 1 and 3. (B) Analysis of the sub-PCR using the 
inner-primers P3 and P4, and an outer-primer P20 with 94 colonies of samples No. 1 and 3. The 
template used for PC (positive control) and NC (negative control) was the original E.coli BW25113 
(mutS-, λ-Red+) and distilled water, respectively. Desired PCR products were indicated by black 
arrows. 
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As a result, the P19/P20 amplified products with 30 colonies from samples No. 2 and 3 
were sent to DNA sequencing. The sequencing results demonstrated that the ten MAGE 
cycles led to undesired changes to the locus of glyVXY. To be specific, in the range of ～1500 
bp on the chromosome (amplified by P19 and P20), the sequence identity between the 
modified and original E.coli was only 78%. Especially, sequence alignment in the core area of 
locus glyVXY showed 75% identity, whilst the target sites (-35-box and -10-box) stayed 
unchanged (appendix B).  
In summary, E.coli BW25113 (mutS
-
, λ-Red+) was genetically modified by ten MAGE 
cycles using six 90-nt ss-oligos. After repeated electroporation and recovery culture, the 
E.coli cells grew well on SOB-agars. However, screening results (PCR and DNA sequencing) 
showed that a great deal of change had been made to the locus of glyVXY, but the target site 
stayed the same, which was unexpected. Besides, more screening work had been done for the 
other modified loci, including glyQS and serS, but little information was obtained due to the 
unsuccessful PCR. Therefore, it was speculated that a wide range of the context sequences of 
these two loci had been greatly changed by MAGE, since the PCR using the same primers 
worked well on these two loci in the original E.coli; and it was unclear if the target sits 
changed as respected because of the failed PCR. 
So far, all the obtained results demonstrated that undesired changes to the target genes had 
been made through the MAGE using the given ss-oligos. The modification strategy might be 
responsible for the unsatisfactory results. For instance, due to the close locations of -35-box, -
10-box and RBS within the locus of glyQS, the 90-nt oligos (HR3-HR5, Table 5.1) used to 
replace these three sites overlapped with each other. A 90-nt oligo was composed of the 
predicted sequence of a target site (6-11 nt) and two homologous flanking regions (40-50 nt) 
of the target site. In the plan, HR3 would work first for modifying the -35-box, followed by 
HR4 to tune the -10-box and HR5 for changing the RBS. So the downstream flanking region 
of HR3 included the original -10-box; the upstream flanking region of HR4 included the 
modified -35-box; and the upstream sequence of HR5 contained the modified -10-box.  
However, the actual replacement for these three targeted sites during MAGE cycles might 
not be in the planned order, hence generating unpredictable sequence changes in a wide range 
around the target site. These results indicated that the overlap or the close locations of the 
target regions, such as < 100 bp away from each other, could greatly affect the outcomes of 
MAGE. Furthermore, in the previous report, MAGE was successfully applied to optimize the 
RBS of 24 genes  encoding 24 proteins involved with the 1-deoxy-Dxylulose-5-phosphate 
(DXP) biosynthesis pathway in E.coli [5]; and only one site was targeted for each gene while 
these targeted sites were far from each other. In the current study, however, MAGE was 
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carried out to not only the RBSs but also the promoters of the target genes. So an increased 
complexity caused by the close locations of the dissimilar target sites might be the primary 
reason for an unpredicted modification to a population of E.coli cells. Therefore, another 
experiment was performed by MAGE with an improved plan. 
5.3.1.3 Screening of E.coli after improved MAGE (I-MAGE) 
A significant difference of the improved MAGE (I-MAGE) from MAGE was that only two 
sites, namely the RBSs of glyQS and serS, were modified  to reduce unpredicted problems 
caused by the close locations of the target sites. Apart from this, the experimental operations, 
such as the ss-oligo consumption and the electroporation buffer, were adjusted according to 
an enhanced MAGE reported more recently [256]. After five I-MAGE cycles, PCR using 
outer-primers (P21/P9 and P10/P11, Table 5.2) was carried out for amplifying the contexts of 
glyQS and serS including their RBSs. 74 of the resultant products (36 for glyQS and 38 for 
serS) were sent to DNA sequencing.  
However, the sequencing results showed that no sequence change was made to the RBSs 
among the 74 samples. The total concentration of the ss-oligos (5 µM) used in I-MAGE, by 
contrast, was even higher than that in MAGE (3.9 µM). The negative results of the 74 
samples, meaning the wild-type RBSs were unchanged, might indicate that the modification 
rate of I-MAGE was not as high as reported (> 30%) and could be very  low so that the 
screening work could be an enormous project.  
To summarise, allele replacement to the RBSs of two genes was performed using the 
MAGE with an improved protocol, but the subsequent screening could not find a desired cell 
population with expected genotypes. It was speculated that although the I-MAGE was 
implemented in accordance with the recently reported MAGE, the screening work was an 
enormous project if the modification efficiency was very low. Besides, the intergenic 
relationships might be ignored in this study and thus resulting in undesired modifications, as 
the changes to some other genetic sites contributed to enhance the modification to the target 
location in the chromosome [256]. The results from the MAGE and I-MAGE indicated that 
the effectiveness and accuracy of MAGE could be connected to the interrelationship of the 
target elements and not every genetic element could be modified by MAGE  
5.3.2 Cell growth and MRR5 expression in optimized 
culture conditions 
5.3.2.1 Optimized culture medium and induction timing 
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For cultures in ECM, various changes were made to the levels of nitrogen sources, including 
tryptone and yeast extract, the dosage of the first carbon source glucose, and induction time. 
Since MRR5 was a glycine-rich protein, 0.5 % glycine was included in some parallel cultures. 
In addition, as asparaginic acid was an important precursor for the biosynthesis of several 
amino acids, purines and pyramidines, it was used along with glycine at the same dosage. For 
cultures in M9 minimal medium, 0.5 % glycine and asparaginic acid were applied, and the 
induction started after 7 h of fermentation, whereas different feeding strategies of carbon 
sources were used. 
As the spectrophotometer data showed, the cell growth in cultures No. 19, 5, 9, 11, 12, 10, 
8, 14, 18, 13, 7 and 6 (the top 12) was superior to that in the rest of  seven parallel cultures 
(the left 7) in ECM (Figure 5.5 D). A significant difference of the top 12 from the left 7 was 
that the inducer IPTG was added during the process instead of from the beginning of 
fermentation, thus it provided evidence to support the previous speculation of early 
expression of MRR5 caused by the leakage of IPTG into metabolic pathway fluxes before the 
depletion of glucose. Nevertheless, among other factors, further analysis against the top 12 
showed that 3 h was the optimal induction time to grantee a high cell density, which indicated 
that the cell growth entered into log-phase at this time point. Significantly, the elevated usage 
of glucose and addition of important amino acids could increase the final cell density 
regardless of the induction time. Finally, the doubled amount of nitrogen sources contributed 
to raising the cell growth.  
As for the production of MRR5, the recombinant protein was detected with 10 cultures 
among the 21 different cultures in the first round of Western blot analyses (Figure 5.5 A and 
B). Further analysis against these 10 samples showed that MRR5 was produced at the highest 
level in No. 4 culture, which adopted auto-induction (addition of IPTG at 0 h), twice the 
original consumption of nitrogen sources (tryptone and yeast extract) and a high concentration 
of glucose (0.6%). The cell density was slightly decreased while the production of the protein 
was elevated in No.4 culture as compared with that in the original auto-induction culture, 
indicating that the specific cell yield (the production yield of the protein in an individual cell) 
was increased in No. 4 culture (Figure 5.5 C). In addition, it was believed that trace amounts 
of lactose in the tryptone, which was used as a nitrogen source in the original auto-induction 
culture medium and most modified culture mediums in this study, could trigger the basal 
expression of the recombinant gene mrr5 before induction and hence affect the growth of 
E.coli cells, since the cationic protein MRR5 was believed to be harmful to the host cells as 
indicated by the previous report. Therefore, minimal medium (M9) without the nitrogen 
sources was used to cultivate the E.coli. However, the results showed that both MRR5 
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production level and cell density were very low in the M9 cultures, although different nutrient 
feeding strategies were used (Figure 5.5 D, No. 20 and 21). These results demonstrated that 
although a basal level production of the recombinant protein could inhibit the cell growth to a 
certain extent, the lack of nitrogen sources and microelements affects cell growth to a much 
greater extent; and the induction time (7 h) was insufficient for producing MRR5 in E.coli.  
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Figure 5.5 (A)/(B)/(C) Western blot analyses against whole cell samples from culture in 
different conditions (No.1-21). Lanes: MW, protein molecular weight marker; 1-21, whole 
cell samples from No.1-21 cultures in a series of different conditions as shown in Table 5.3. 
(D) Cell density (shown as A600) of  No.1-21 cultures after 16 h of fermentation.  
It could be seen from the above results that in the presence of glucose at a higher 
concentration (0.4 % or 0.6%) and the doubled amount of nitrogen sources, delayed induction 
contributed to raising the cell density but had negative effects to the production of the 
recombinant protein. Although it was difficult to achieve both a sufficient production level of 
MRR5 and a high cell density simultaneously, an optimized culture strategy (No. 4) was 
developed to achieve a superior yield of the desired protein. Significantly, the success of No.4 
strategy and the failure of No.20 and No.21 strategies indicated that the elevated usage of 
glucose as the first carbon source, the increased amount of nitrogen sources, trace elements 
and auto-induction were essential to achieving a higher cell specific yield of MRR5  in spite 
of the slightly decreased growth of the host cells. 
5.3.2.2 Shake flasks versus a bioreactor 
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For a further comparison, the culture of E.coli BL21 (DE3) pLysS-pET28a/mrr5 was carried 
out in different conditions, respectively, including: A) original ECM (Table 5.3, No. 1) in a 
baffled flask; B) optimized ECM (Table 5.3, No. 4) in a 5-L bioreactor; C) optimized ECM 
(Table 5.3, No. 4) in a baffled flask. The recombinant protein MRR5 produced in the three 
cultures was then extracted and purified, respectively, in the same manner as given in Section 
4.2.2.  
A SDS-PAGE analysis was carried out against the whole cell, 25% HAc-extract and Ni-
NTA IMAC-purified samples from these cultures. It was found that the production level of 
MRR5 with the optimized ECM in a shake flask was extraordinarily higher than those in the 
other two conditions (Figure 5.6, lanes 3, 6 and 9). Besides, the cell density and the MRR5 
production level with the optimized medium in a 5-L bioreactor were relatively low (Figure 
5.6, lanes 2, 5 and 8).  
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The collected data provided further evidences for the comparative results above (Table 
5.4). Although the cell density in condition C was slightly higher than that in A, the 
production yield of MRR5 in the former condition was almost 14-fold of that in the latter one. 
As for the condition B, neither the cell growth nor the production level of MRR5 was 
sufficient, even if the optimized ECM medium was used. At the presence of the optimized 
medium in B and C, it was speculated that the significant difference in the cell growth and 
MRR5 production level was related to the level of dissolved oxygen (DO) in the culture 
medium. A high level of DO could be obtained from the open-ended culture in the baffled 
flask, whereas the DO in the enclosed fermentation in the 5-L bioreactor might be very low 
even with high pressure aeration. Nevertheless, the finally determined condition for the 
highest production level of MRR5 in E.coli was to use the optimized ECM medium (No.4 in 
Table 5.3) in baffled flasks. 
In summary, up to twenty one schemes had been implemented to obtain the optimal culture 
conditions for an improved production yield of MRR5. Although the cell density in the finally 
determined culture conditions (i.e., No. 4 scheme in Table 5.3) was lower than that in many 
Figure 5.6 SDS-PAGE analyses against the production of 
MRR5 in E.coli cultures in shake flasks or bioreactors. 
Lanes: MW, protein molecular weight marker; 1/2/3, 
whole cell sample from the culture using the original 
ECM in a baffled flask/the optimized ECM in a 5-L 
bioreactor/ the optimized ECM in a baffled flask; 4/5/6, 
25% HAc-extracts from the cultures listed above; 7/8/9, 
Ni-NTA IMAC-purified MRR5 (indicated by a black 
arrow) produced in the cultures listed above. 
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other schemes, the production level of MRR5 in No. 4 culture scheme was the highest among 
these twenty one strategies. With the improvements, E.coli culture was carried out in different 
vessels, including a 5-L bioreactor and 2-L baffled flasks. The data indicated that the cell 
growth in baffled flasks was superior to that in a 5-L bioreactor due to the higher DO level in 
the culture with the flasks. As a result, the final production yield of MRR5 from baffled flasks 
was much higher than that from the bioreactor. Moreover, through the improved culture, the 
productivity of MRR5 had been raised by about 14 folds in baffled flasks. In comparison, the 
cell density kept about the same from the original to the improved culture. The results above 
further demonstrated that the enhancement of overall production yield of MRR5 was less 
relevant to the increase of cell number within a certain volume of culture than expected, but 
largely connected to the elevation of cell specific yield. Moreover, the elevated usage of 
glucose as the first carbon source, the increased amount of nitrogen sources, trace elements 
and auto-induction were essential to achieving a higher cell specific yield of MRR5 while 
keeping the cell growth stable. 
Culture condition 
Wet weight of collected cells 
(g/L culture) 
Productivity of MRR5 
(mg/L culture) 
A 11.45 1.06 
B 9.47 0.21 
C 12.18 14.32 
A-original ECM in a baffled flask; B-optimized ECM in a 5-L bioreactor; C-optimized ECM in a baffled flask 
Table 5.4 Wet weight of cells and yield of MRR5 from three different culture conditions. 
5.4 Summary 
To summarize, two technical proposals had been implemented to enhance the production 
level of MRR5 with E.coli. To optimize the glycyl-tRNA and seryl-tRNA level and hence the 
translation level of the recombinant gene mrr5 within E.coli, two different multiplex 
automated genome engineering technologies, including traditional MAGE and improved 
MAGE (I-MAGE) were conducted in accordance to the reported methodologies [5, 256]. 
These two experiments had obtained undesired genotypes; and this was attributed to the 
following reasons: 1) some information about intergenic relationships within the chromosome 
of E.coli was ignored in the experimental plan; 2) in addition to the methodological details 
regarding to the competent cells preparation, electroporation and recovery culture, the 
following screening was performed at a small-scale, which might leave out the desired cell 
populations, especially when the modification efficiency was low. The results from MAGE 
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and I-MAGE indicated that the effectiveness and accuracy of MAGE could be connected to 
the interrelationship of the target elements and not every genetic element could be modified 
by MAGE. 
Moreover, another attempt had been made to optimize culture conditions to increase the 
cell growth of E.coli and hence the productivity of the desired protein MRR5. Through 
adjustments to the compositions of the culture medium, feeding strategies of carbon sources, 
induction time and fermentation vessels, optimal culture conditions were determined to 
increase the production yield of the desired protein MRR5 to 14.32 mg/L culture, which was 
about 14-fold the productivity under the unoptimized conditions, while the cell growth kept 
about the same (slightly decreased or slightly increased) from the original to the optimized 
culture conditions, which indicated that the enhancement of overall MRR5 production was 
attributed to the elevated production level of MRR5 in an individual cell, namely the cell 
specific yield, rather than the increased cell growth. Furthermore, comparative analyses 
between the culture under the optimal conditions and the cultures in the minimal medium 
indicated that the elevated usage of glucose as the first carbon source, the increased amount of 
nitrogen sources, trace elements and auto-induction were essential to achieving a higher cell 
specific yield of MRR5 while keeping the cell growth stable.  
The increased production of MRR5 enabled the practical applications and characterization 
of this protein at micro- and bulk-scale, which would be presented in the following chapter. 
More significantly, while the productivity of recombinant resilin rec1-resilin, which was 
neural and had no detrimental effect to the host cells, with E.coli had been raised by about 20 
folds through culture regulations, the successful attempt to increase the production of the 
cationic MRR5, which could be toxic to the host cells, in E.coli by ~14 folds through 
regulating the culture and induction conditions would provide fundamental foundation to the 
fermentation for producing and researching recombinant proteins with cationic property and 
toxicity to the host cells.  
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Chapter 6 
Investigating the Secondary Structure, 
Morphology and Adhesive Performance 
of MRR5 
6.1 Introduction 
In Chapter 4, a recombinant protein was isolated from biologically engineered E.coli cells 
through a newly developed purification process including heating, acetic acid-extraction and 
Ni-NTA IMAC, and the Western blot analysis confirmed that the isolated protein was MRR5 
with a hexahistidine affinity ligand. In Chapter 5, the productivity of MRR5 was facilitated 
through optimizing the culture conditions of the E.coli cells. The work presented in these two 
chapters laid a foundation for the characterization and applications of the desired protein as 
bioadhesives. However, apart from the Western blot analysis results, more precise evidences 
are required for the identification of MRR5. Furthermore, secondary structure of the protein 
should be investigated via a series of characterization for better understanding of its properties. 
Finally, in vitro cytotoxicity test must be performed to determine the cytocompatibility of 
uncrosslinked MRR5 and MRR5 hydrogel (MRR5 with dityrosine crosslinks). These 
investigations will provide information regarding to the capability of the obtained protein 
materials as novel tissue adhesives. 
For the further identification of the obtained protein, the available techniques, which are 
capable of providing the information regarding the specific amino acid sequence (primary 
structure) of the target protein, include C-terminal sequencing using matrix assisted laser 
desorption ionization – in source decay (MALDI-ISD), and peptide mapping and amino acid 
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sequence analysis using high-performance liquid chromatography and electrospray ionization 
quadrupole time-of-flight mass spectrometry/mass spectrometry (HPLC-ESI-Q-TOF MS/MS). 
While MALDI-ISD provides only the C-terminal sequence of the protein, which can confirm 
that the full-length gene has been expressed into the full-length recombinant protein, HPLC-
ESI-Q-TOF MS/MS is able to analyse the peptide fragments of the protein and give sequence 
coverage of more than just the C-terminal. For evaluating the adhesion performance of the 
protein on wet tissues, lap shear testing can be performed using an universal testing machine. 
Silicification and morphologies of the protein can be studied through SEM (scanning electron 
microscopy). Information regarding to the secondary structure content of the protein can be 
obtained through Fourier Transform Infrared (FTIR) spectroscopy. Finally, for the 
cytotoxicity profiling of the protein, colorimetric assays for quantification of cellular 
cytotoxicity and proliferation can be performed using the water-soluble tetrazolium salt 
(WST-1) or methyl thiazolyl tetrazolium (MTT). However, WST-1 is preferred for the 
cytocompatibility analyses of the protein as WST-1 assay gives more accurate data and has 
decreased toxicity to cells than MTT.  
In this chapter, we aim to investigate the primary and secondary structure of the obtained 
protein and its properties through a three-stage approach. The first stage is to give a further 
identification of the protein via HPLC-ESI-Q-TOF MS/MS which provides specific amino 
acid sequences (primary structures) of segments from the trypsin-digested protein. After the 
obtained protein (MRR5) is identified, coating tests on a series of surfaces will be performed 
to determine if recombinant MRR5 has adhesive ability with resistance to water. The third 
stage includes investigations into the properties of the protein using the techniques mentioned 
above. Also, the secondary structure of the protein will be analysed via FTIR. The 
silicification of MRR5 hydrogel will be demonstrated by SEM. WST-1 assay will be used to 
determine the cytocompatibility of the protein with or without crosslinks.  
The remainder of the chapter is organized as follows. Section 6.2 presents the experimental 
details regarding to the identification and characterizations of the desired protein. Section 6.3 
provides the obtained results from the experiments and the related discussions. Finally, 
Section 6.4 summarizes the work. 
6.2 Materials and methods 
6.2.1 HPLC-ESI-Q-TOF MS/MS analysis 
For the identification of the purified protein, high-performance liquid chromatography (HPLC) 
and electrospray ionization quadrupole (ESI-Q) time-of-flight (TOF) mass spectrometry/mass 
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spectrometry (MS/MS) was performed on a Q Exactive instrument (Thermo).A SDS-PAGE 
electrophoresis using a 4-20% ExpressPlus
TM  
PAGE gel (Genscript) was carried out with the 
purified protein in 500 mM imidazole. The gel was then stained with an eStain 2.0 Protein 
Staining System (Genscript) using Coomassie brilliant blue. The stained protein was excised 
from the gel and placed in a 1.5-ml microcentrifuge tube. 
For in-gel digestion, 200-400 µl of destaining solution [30% ACN (acetonitrile), 100 mM 
NH4HCO3] was added to rinse the gel until it became transparent. The supernatant was 
discarded and the gel was lyophilized in the tube. 100 mM DTT (dithiothreitol) was added to 
soak the lyophilized gel and incubated at 56 ℃ for 30 min. After the DTT was removed, 200 
mM IAA (indole acetic acid) was added to soak the gel and incubated at a dark place for 20 
min. After the IAA was discarded, and the gel was soaked in 100 mM NH4HCO3for 15 min at 
room temperature, and 100% ACN for 5 min, respectively. Finally, 2.5-10 ng/µl trypsin was 
added to the tube and incubated at 37 ℃ for 20 h. The supernatant (digested solution) was 
transferred to another microcentrifuge tube. 100 µl of extraction buffer [60% ACN, 0.1% 
TFA (trifluoroacetic acid)] was added to the gel before sonication for 15 min, and then mixed 
with the supernatant before lyophilisation. The lyophilized peptides were then redissolved in 
60 µl of 0.1% FA (formic acid) before the filtration through a 0.22-µm filter.  
For the HPLC, the sample was eluted from the pre-column (Thermo Scientific Easy column 
2 cm×100µm 5µm-C18) and separated on a Thermo Scientific Easy column (75 µm×100mm 
3µm-C18) with a mobile phase containing 0.1% FA and water (mobile phase A), and 84% 
ACN containing 0.1% FA (mobile phase B). Details regarding the linear gradient elution were 
given as follows: 4% to 50% mobile phase B (0.1% FA, 84% ACN) from 0 to 50 min; 50% to 
100% mobile phase B from 50 to 54 min; 100% mobile phase B from 54 to 60 min. The 
effluent from the HPLC column was split before being introduced into the mass spectrometer. 
Tandem mass spectrometer was performed and three double charged peptides (m/z 386.68, 
382.70 and 965.08) were selected for the analysis of amino acid sequence. Raw MS/MS 
spectra data were analysed by Mascot 2.2 software and searched against UniProt (specie was 
E.coli) database and the predicted amino acid sequence of MRR5.  
6.2.2 Coating investigation on various surfaces 
In the coating investigations, the adhesive ability of MRR5 was tested on a series of surfaces 
(2.5 × 7.6 cm) including poly (methylmethacrylate) plate, Teflon (Polytetrafluoroethylene)-
coated plate, aluminium plate, polystyrene plate and glass slide. These investigations were 
performed according to a reported method with modifications [143]. Before coating, the 
working solution of MRR5 was prepared according to the instruction provided by the 
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manufacturer of Cell-Tak (Corning), which was naturally extracted mussel adhesive proteins 
(mgfp-1, mgfp-2 and mgfp-3) [82]. Specifically, 6.25 µl NaHCO3 (0.1 M, pH 8.0) was mixed 
with 1.25 µl NaOH (1N). Then 2.5 µl MRR5 (1.48 mg/ml in 5% HAc and 10% glycerol) was 
added to the basic mixture, resulting in a neutral solution of MRR5 (0.37 mg/ml) that was 
ready for coating.  
The 10-µl drop of MRR5 was then added immediately to each of the surfaces mentioned 
above. These plates/slides were incubated in a humid environment at 25 ℃ for 12 h. After 
incubation, each surface was washed thoroughly with excess deionized water for 2 h with 
shaking. Each protein coating was then visualized with Coomassie blue staining, and then 
exposed under white light using a gel imaging system (Tanon 2500). The coating ability of 
each protein was quantified to the brightness difference value between the background 
coating (ΔB) using a software– Just Colour Picker 4.3. The results from three samples were 
averaged to obtain each measurement. Cell-Tak and BSA (1.48 mg/ml in 5% HAc and 10% 
glycerol) were also tested as comparative controls in the same manner.  
6.2.3 Adhesion and mechanical performance 
analyses on wet tissues 
Lap shear testings were performed against the obtained protein under cross-linked, and cross-
linked and silicified conditions for comparison. The tests were carried out using a universal 
testing machine (Instron 5966) according to reported methods with modifications [4, 147], as 
described below (Figure 6.1).  
6.2.3.1 MRR5 hydrogel 
Lyophilized MRR5 was redissolved in 5% HAc and 10% glycerol to the concentration of 40 
mg/ml, which was then concentrated to 100 mg/ml, 150 mg/ml, 200 mg/ml and 300 mg/ml, 
respectively, with ultrafiltration using Amicon Ultra-0.5 ml Centrifugal Filters (Merck).Fresh 
stock solutions of 80 mM [Ru(bpy)3]Cl2 (Sigma) and 500 mM ammonium persulfate (APS) 
(Sigma) were prepared with distilled water (DW).The prepared APS and [Ru(bpy)3]Cl2 was 
added to the concentrated MRR5 (100 mg/ml, 150 mg/ml, 200 mg/ml and 300 mg/ml) to the 
final concentration of 10 mM and 2 mM, respectively. 
15 µl of each mixture was then applied on the surface of porcine a skin (10×10 mm
2
) 
bonded to a transparent acrylic sheet (30×10×1 mm
3
) with Vetbond (3M), and the specimen 
was covered with the other specimen to form a bonding area of 10×10 mm
2
. Before the 
application of protein, all tissue-acrylic fixtures were immersed in PBS (pH 7.4) at room 
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temperature for 2 h. The glued fixtures were then immediately placed on a flat surface and 
exposed to a 500-W tungsten-halide source on one side of the specimen from a distance of 15 
cm for 120 s at room temperature. After crosslinking, the glued fixtures were incubated at 25 ℃ 
in a humid environment for 12 h, and then immersed in PBS (pH 7.4) for 2 h prior to 
measurement. The force applied to the glued fixtures was measured with a 10 kN (maximum 
capacity) load cell at a crosshead speed of 5 mm/min until the complete separation of the 
samples (Figure 6.1 A, C, D, E and F).The results from three samples were averaged to obtain 
a measurement. Uncross-linked MRR5 (300 mg/ml) was also tested in the same manner as a 
negative control. 
6.2.3.2 MRR5 hydrogel with silicification 
In an alternative experiment, crosslinking and silicification were carried out simultaneously to 
MRR5 at a concentration (150 mg/ml) with the optimal performance in the lap shear testing 
against cross-linked samples. Before the experiment, 10 μl of 20 mg/ml MRR5 was added to 
1 ml of 100 mM silane precursor in sodium phosphate-citrate buffer (pH 8) to determine if 
MRR5 can deposit silica.  
Lyophilized MRR5 was redissolved in 5% HAc and 10% glycerol to the concentration of 
40 mg/ml, which was then concentrated to 300 mg/ml with ultrafiltration using Amicon Ultra-
0.5 ml Centrifugal Filters (Merck). Fresh stock solutions of 80 mM [Ru(bpy)3]Cl2 (Sigma) 
and 500 mM ammonium persulfate (APS) (Sigma) were prepared with distilled water (DW). 
The prepared APS and [Ru(bpy)3] Cl2 was added to 300 mg/ml MRR5 to the final 
concentration of 20 mM and 4 mM, respectively. Then 200 mM sodium phosphate-citrate 
buffer (pH 8) was mixed with the protein solution with crosslinkers at a ratio of 1:1 (v/v), 
resulting in mixture 1.  
1 M tetramethyl orthosilicate (TMOS) was dissolved in 1 mM HCl, resulting in 1 M 
tetrahydroxysilane (silane precursor). The freshly prepared 1 M TMOS (pre-hydrolysed) was 
added to mixture 1 to a final concentration of 0.03 M, resulting in mixture 2. 15 µl of mixture 
2 was then applied on the surface of a porcine skin (10×10 mm
2
) bonded with a transparent 
acrylic sheet (30×10×1 mm
3
) with Vetbond (3M), and the specimen was covered with the 
other specimen to form a bonding area of 10×10 mm
2
. Before the application of protein, all 
tissue-acrylic fixtures were immersed in PBS (pH 7.4) at room temperature for 2 h. The glued 
fixtures were then immediately placed on a flat surface and exposed to a 500-W tungsten-
halide source on one side of the specimen from a distance of 15cm for 120 s at room 
temperature for twice. After crosslinking and silicification, the glued fixtures were washed 
with deionized water and then incubated at 25 ℃ in a humid environment for 12 h. The 
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incubated samples were immersed in PBS (pH 7.4) for 2 h prior to measurement. The force 
applied to the glued fixtures was measured with a 10 kN (maximum capacity) load cell at a 
crosshead speed of 5 mm/min until the complete separation of the samples (Figure 6.1 A, B, 
D, E and F).The results from three samples were averaged to obtain a measurement.  
6.2.4 Silicification reactions on the cast film of MRR5 
As the hybrid protein MRR5 had incorporated R5 peptide, which harboured the ability to 
induce the formation of silica skeletons in diatom, silicification reactions were performed on a 
cross-linked film of MRR5, and analysis using SEM (scanning electron microscopy) was 
carried out for the morphological characterization of the cross-linked films with and without 
silicification reactions. 
6.2.4.1 Preparation of the MRR5 film 
150 mg/ml MRR5 (in 5% HAc and 10% glycerol) was prepared in the same manner as 
mentioned in Section 6.2.3.1. Lyophilized MRR5 was redissolved in 5% HAc and 10% 
glycerol to the concentration of 40 mg/ml, which was then concentrated to 150 mg/ml with 
ultrafiltration using Amicon Ultra-0.5 ml Centrifugal Filters (Merck).Fresh stock solutions of 
80 mM [Ru(bpy)3]Cl2(Sigma) and 500 mM ammonium persulfate (APS) (Sigma) were 
prepared with distilled water (DW). The prepared 500 mM APS and 80 mM [Ru(bpy)3]Cl2 
was added to the 150 mg/ml MRR5 to the final concentration of 10 mM and 2 mM, 
respectively.  
10 µl of the mixture was casted on the surface of a silicon wafer (10×10 mm
2
), and then 
exposed to a 500-W tungsten-halide source from a distance of 15cm for 120 s at room 
temperature. After the formation of MRR5 hydrogel film, the silicon wafer was immersed in 3 
ml of sodium phosphate-citrate buffer (pH 8) in a well of a 24-well plate for 10 min, and this 
was repeated three times. Then the silicon wafer was placed in a clean well. Another cross-
linked film was prepared in the same manner as a negative control for the following 
silicification reactions. 
6.2.4.2 Silicification reactions on the cast film 
The silane for silicification was prepared according to the reported method [196]. 1 M 
tetramethyl orthosilicate (TMOS) (Sigma) was dissolved in 1 mM HCl, resulting in 1 M 
tetrahydroxysilane (silane precursor), which was then added to 100 mM sodium phosphate-
citrate buffer (pH 8) to a final concentration of 113 mM. The diluted silane precursor was 
then left at room temperature for 2 h. Then the diluted solution converted into a clear  
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Figure 6.1 Schematic representation of the lap shear testing against MRR5 on wet tissues [147]. 
(A) 15 µl of working solution with crosslinkers or crosslinkers and silane precursor was spread to a tissue substrate (porcine skin) bonded with an acrylic sheet.  
(B)/(C) Then the specimen with crosslinkers and silane precursor or only crosslinkers was covered with the other fixture to form a 10 ×10 mm
2
 bonding area.  
(D) The fixture was exposed to a 500-W tungsten-halide source on one side of the specimen from a distance of 15cm for 120 s at room temperature. 
(E) After crosslinking, the fixture was incubated at a humid environment overnight before (F) the shearing test.  
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amorphous gel (hydrolysed silane) which was ready for silicification reactions. 
The freshly prepared hydrolysed silane was slowly applied to the film on the wafer and 
allowed to react with the R5 peptide in the MRR5 hydrogel film for 10 min. After the 
silicification reactions, the wafer was rinsed with distilled water to remove any unreacted 
silane before lyophilisation with a FreeZone freeze dry system (Labconco). The negative 
control was treated in a similar manner as above except that TMOS was absent from the step 
of silicification. The lyophilized films on the silicon wafers were then mounted on a specimen 
stub with double-sided carbon tapes, and sputter-coated with gold using a MC1000 ion sputter 
(Hitachi) before SEM using a SU8010 Scanning Electron Microscope (Hitachi). 
6.2.5 FTIR for the secondary structure analysis of 
MRR5 
1 mg of lyophilized MRR5 hydrogel was mixed with 100 mg KBr by grinding for the 
subsequent tableting. The obtained tablet was irradiated by an infrared lamp for 
dehumidification 10 min prior to the analysis using a FTIR (Fourier Transform Infrared 
Spectroscopy) spectrometer (Vertex 70v, Bruker) equipped with an oil-free dry vacuum pump. 
The analysis was carried out in transmission mode. The instrument was sealed and 
vacuumized to prevent oxidative chemical changes of samples and the masking of very weak 
spectral features by water vapour or carbon dioxide absorptions. For each measurement, 32 
scans were co-added and Fourier transformed using a Genzel-Happ apodization function to 
yield spectra with a nominal resolution of 4 cm
-1
. The Frequency ranged from 400 to 4000 
cm-1. MRR5, MRR5 with crosslinks and silicification, BSA and glycine were also measured 
in the same manner as comparable samples. To identify structures of the protein samples from 
the absorption spectra, the positions of the absorption band maxima were obtained from the 
analyses using the Opus 5.0 software (Bruker).  
6.2.6 Cytotoxicity assay 
The in vitro cytotoxicity of MRR5 to human embryonic kidney 293T (#CRL-3216, ATCC) 
cells were investigated using the given schemes with modifications [147, 257].  
6.2.6.1 Cytotoxicity of soluble MRR5 
MRR5 solutions in Dulbecco's modified Eagle's medium (DMEM; abm) containing 10% (v/v) 
fetal bovine serum (FBS; Gibco) and penicillin-streptomycin (abm, 100 units of penicillin and 
100 µg of streptomycin per ml) were prepared at three different concentrations: 10, 1 and 0.1 
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mg/ml. Human 293T cells in DMEM at a concentration of 5 ×103 cells (in 100 µl media) per 
well were added to each well of a 96-well culture plate and incubated at 37 ℃ and 5% CO2 
for 24 h. After the culture, the medium was replaced with the prepared medium with MRR5 at 
different concentrations, and the cells were cultured for another 48 h at 37 ℃and 5% CO2. 
Then the cell viability was evaluated via WST-1 cell proliferation assay. 10 µl WST-1 was 
added to each well and incubated for 0.5-4 h to allow the formation of formazan crystal. Then 
the culture plate was shacked slowly for 1 min before the measurement of absorbance at 450 
nm using a multi-well spectrophotometer. The results from three samples were averaged to 
obtain each measurement. Cells grown in blank media and 10% dimethyl sulfoxide (DMSO) 
were compared as a negative and positive control, respectively.  
6.2.6.2 Cytotoxicity of leachable components from MRR5 
hydrogel 
The cytotoxicity of crosslinked MRR5 was also evaluated using gel extracts which were 
prepared according to the given guidelines [257] and the reported method with modifications 
[147]. Specifically, 80 mM [Ru(bpy)3]Cl2(Sigma) and 500 mM APS were added to 400 µl of 
150 mg/ml MRR5 to a final concentration of 2 mM and 10 mM, respectively. The pre-
hydrogel solution was cast in a groove in size of 50 ×10×0.4 mm and then exposed to a 500-
W tungsten-halide source from a distance of 15cm for 120 s at room temperature. The 
crosslinked film was lifted from the groove with a razor blade and immersed in excess 
deionized water for twice. After that, the film was cut into small pieces in size of 0.3 cm
2
. The 
whole process mentioned above was carried out in a sterilized environment, and all solutions 
(the protein and reagents) were sterilized using a 0.22-µm filter.  
These films were subsequently dried overnight at room temperature and sterilized by 
exposure to UV light for 3 h. Each small piece of film was then immersed into 100 µl of 
DMEM containing 10% FBS in a well of a 96-well culture plate and incubated at 37 ℃and 5% 
CO2 for 24 h for preparing the hydrogel-extracts. Simultaneously, human 293Tcells were 
seeded in a 96-well culture plate at 5 ×103 cells (in 100 µl media) per well and incubated for 
24 h as previously described. Then the media was replaced with the hydrogel-extracts, and the 
cells were cultured for another 48 h at 37 ℃and 5% CO2. Then the cell viability was 
evaluated via WST-1 cell proliferation assay. 10 µl WST-1 was added to each well and 
incubated for 0.5-4 h to allow the formation of formazan crystal. Then the culture plate was 
shaken slowly for 1 min before the measurement of absorbance at 450 nm using a multi-well 
spectrophotometer. The results from three samples were averaged to obtain each measurement. 
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Cells grown in blank media and 10% dimethyl sulfoxide (DMSO) were compared as a 
negative and positive control, respectively.  
6.3 Results and discussion 
6.3.1 Identification of MRR5 with HPLC-ESI-Q-TOF 
MS/MS 
In chapter 3, purified products from Ni-NTA IMAC was analysed with Western blot using 
antibodies for the hexahistidine affinity ligand on the N-terminal of MRR5. Although the 
analyses showed positive results, further identification was required to confirm if the desire 
protein MRR5 was isolated. Therefore, in this chapter, HPLC-ESI-Q-TOF MS/MS was 
performed against the purified products. The trypsin-digested peptides of the purified protein 
were measured first and then three doubly protonated peptides were selected for a further 
measurement of their amino acid sequences. The determined amino acid sequences of these 
three peptides showed that they came from two building blocks, including mgfp-5 and R5, of 
recombinant MRR5 (Figure 6.2). There was hardly any fragment of pro-resilin, which was the 
largest building block of MRR5, could be selected for the HPLC-ESI-QTOF-MS/MS. It was 
highly possible that the proteolytic fragments of pro-resilin were either too long or too short 
for the analysis, since this protein was composed of repetitive sequences. Nonetheless, the 
obtained amino acid sequences on the N- and C-terminal confirmed that the Ni-NTA IMAC-
purified protein was intact MRR5.  
6.3.2 Coating investigation on various surfaces 
After the purified protein was determined to be intact MRR5, the adhesive ability of this 
protein was then valued through coating investigations on several different materials, 
including glass, poly (methyl methacrylate) (PMMA), polystyrene (PS), Teflon 
(polytetrafluoroethylene) and aluminium. It was apparent that MRR5 showed good adhesive 
performance on these surfaces (Figure 6.3, A-E). For the data analysis, the coating ability of 
each protein was quantified to brightness difference value (ΔB) between the background and 
the Coomassie-stained coating on each surface. The results indicated that MRR5 showed 
comparable adhesion to that of Cell-Tak, which was a mixture of naturally extracted mussel 
adhesive proteins (mgfp-1, mgfp-2 and a very small amount of mgfp-3), on most surfaces 
including glass, PMMA and PS. Among these five surfaces, MRR5 performed the strongest 
adhesion on glass (Figure 6.3 F).  
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MGSSHHHHHHSS1SEEYKGGYYPGNAYHYHSGGSYHGSGYHGGYKGKYYGKAKK
YYYKYKNSGKYKYLKKARKYHRKGYKKYYGGGSS76GRPEPPVNSYPPSDSYGAPG
QSGPGGRPSDSYGAPGGGNGGRPSDSYGAPGQGQGQGQGQGGYAGKPSDTYG
APGGGNGNGGRPSSSYGAPGGGNGGRPSDTYGAPGGGNGGRPSDTYGAPGGG
GNGNGGRPSSSYGAPGQGQGNGNGGRSSSSYGAPGGGNGGRPSDTYGAPGGG
NGGRPSDTYGAPGGGNNGGRPSSSYGAPGGGNGGRPSDTYGAPGGGNGNGSG
GRPSSSYGAPGQGQGGFGGRPSDSYGAPGQNQKPSDSYGAPGSGNGNGGRPSS
SYGAPGSGPGGRPSDSYGPPASGSGAGGAGGSGPGGADYDND399SSKKSGSYSG
SKGSKRRIL418
A B
C D
 
Figure 6.2 Identification of the purified protein. Nano HPLC-ESI-Q-TOF-MS/MS spectra of doubly protonated peptides with an m/z of (A) 965.08, (B) 382.70 and (C) 
386.68, respectively. (D) Predicted amino acid sequence of MRR5 with a hexahistidine affinity ligand (MGSSHHHHHHS) on the N-terminal, which followed by mgfp-5 (1-
76), pro-resillin (77-399) and R5 peptide (400-418). Sequences of the three measured peptides were highlighted in bold. 
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Figure 6.3 Recombinant MRR5 coating on a (A) glass slide, (B) poly (methyl methacrylate) (PMMA) 
plate, (C) polystyrene (PS) plate, (D) Teflon (Polytetrafluoroethylene)-coated slide and (E)aluminum 
(Al) plate. (F) Analysis of brightness difference (ΔB) between the protein coating areas and the bases 
(vacant surfaces). All proteins were used at a concentration of 0.37 mg/ml. Results from three samples 
were averaged to obtain a measurement of ΔB. 
It was noticeable that adhesive property of the commercial Cell-Tak (positive control with 
an original concentration of 1.85 mg/ml in 5% acetic acid) was pH-dependent, namely, pH 
was the key variable regulating absorption of Cell-Tak to surfaces. More specifically, a final 
pH between 6.5 and 8.0 was optimal for the adhesive performance of DOPA-containing Cell-
Tak [78, 251]. In this study, 25 µl of sodium bicarbonate (0.1 M, pH 8.0) in combination with 
5 µl of sodium hydroxide (1 N) was basic enough to adjust the pH of 5 µl Cell-Tak (1.48 
mg/ml in 5% HAc containing 10% glycerol) to the optimal range of pH as determined in 
previous experiments. However, In the previous report, the requirement for pH-tunning was 
neglected in the application of Cell-Tak, which was used at a high concentration of 1.44 
mg/ml so that the usage of basic buffers could be reduced dramatically, and hence leading to 
the insufficient adhesion performance of the positive control, especially on PMMA [143]. In 
the current research, Cell-Tak showed solid performance on a series of surfaces, including 
PMMA (Figure 6.3 B), at a much lower concentration of 0.37 mg/ml. 
Nevertheless, the above results demonstrated the moisture-resistant adhesion of the 
recombinant protein MRR5 without the modification by tyrosinase, although the modification 
of tyrosine residues to DOPAs was essential for the adhesive property of proteins in theory 
[96] (Figure 6.4 A). The tyrosinase-modification to MRR5 was carried out then as the 
previously reported [144], but ended with undesired outcomes due to severe loss of the 
protein (Figure 6.4 B). As the modification was performed in phosphate-ascorbate buffer (pH 
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7.0) with incubation and aeration (for thorough oxidation), it was highly possible that part of 
MRR5 stuck to the surface of the reaction vessel (laboratory plastic) during the process. 
Therefore, only a very small portion of MRR5 was recovered from the modification. Also, the 
protein might undergo breakage during the modification as indicated by the SDS-PAGE 
analyses (Figure 6.4 B). 
 
Figure 6.4 (A) Modification of tyrosine to DOPA with tyrosinase. (B) SDS-PAGE analyses against the 
modification of MRR5 by tyrosinase. Purified MRR5 was dissolved in phosphate-ascorbate buffer 
(0.1 M phosphate, 25 mM ascorbic acid, 20 mM sodium borate, pH 7.0) to 10 mg/ml and incubated 
with shaking at the presence of tyrosinase (50 µg/ml, Sigma) for 1 h. A 100-µl aliquot was taken every 
15 min for analyses. Lanes: MW, MW, protein molecular weight marker; 1/2/3/4/5, specimens taken 
at 0/15/30/45/60 min of incubation for tyrosine modification.  
Considering the protein loss during the modification process, an alternative strategy was 
proposed to perform modification and coating investigation concurrently. However, as the 
results showed, MRR5 with the tyrosinase modification showed weakened adhesion to all 
surfaces. Meanwhile, it should also be noted that DOPA-containing Cell-Tak as the positive 
control demonstrated consistent or even stronger adhesion to all surfaces except aluminium 
before and after tyrosinase-modification (Figure 6.5).  
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Figure 6.5 Recombinant MRR5 coating on a (A) glass slide, (B) poly (methyl methacrylate) (PMMA) 
plate, (C) polystyrene (PS) plate, (D) Teflon (Polytetrafluoroethylene)-coated slide and (E) aluminum 
(Al) plate. Modification of each protein sample (w/ tyrosinase) was performed using 50 µg/ml of 
tyrosinase during the 12 h of incubation for adhesion assessment at 25 ℃. The slides were washed with 
deionized water for 2 h with shaking, and coated proteins were visualized using Coomassie blue 
straining. 
The different changes to the adhesive performance of Cell-Tak and MRR5 after the 
modification by tyrosinase might be accounted for by multiple reasons, including DOPA-
modification efficiency, pH, DOPA-involving interactions between proteins and surfaces and 
different molecular weights of these proteins. Firstly, the modification of tyrosine residues of 
MRR5 to DOPA molecules could be insufficient with the new strategy, which skipped the 
incubation with shaking and aeration for efficient oxidation during modification [144]. So the 
tyrosine residues of the MRR5 in the modified group could be partly modified.  
Secondly, as aforementioned, 25 µl of sodium bicarbonate (0.1 M, pH 8.0) in combination 
with 5 µl of sodium hydroxide (1 N) was basic enough to adjust the pH of tested proteins 
(1.48 mg/ml in 5% HAc containing 10% glycerol) to the optimal range of pH (6.5 to 8) as 
determined in previous experiments. However, in the alternative strategy, the usage of the 
basic buffer sodium bicarbonate (0.1 M, pH 8.0) was reduced to 5 µl to introduce the 
tyrosinase solution (in PBS, pH 7.0) without a change to the final concentration of proteins. 
This manner resulted in a lower pH of the finally obtained working solution of proteins, 
which could have negative effects to the adhesive performance of protein samples in the 
modified group. 
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Furthermore, it was reported that four strong interactions involving the catechoyl groups 
could function in the adhesion of MAPs (mussel adhesive proteins) to surfaces, including 
hydrogen bonds, metal-ligand complexes, Michael addition reaction, and quinhydrone charge-
transfer complexes (Figure 6.6) [258]. Although it was highlighted that neutral to basic 
conditions were crucial to the adhesive performance of DOPA-containing proteins, 
comparison between the groups with different pH values indicated that MRR5 (unmodified or 
partly modified) was more sensitive to the reduced pH than the DOPA-containing Cell-Tak 
(Figure 6.5). It was possible that chemical groups involved in the above interactions were 
abundant in polymers, glasses and metals, and hence the DOPA-containing Cell-Tak was able 
to cling to these surfaces regardless of the reduced pH. Reduced adhesion of Cell-Tak on 
aluminium with the lower pH indicated that a basic condition was more important to the 
formation of metal-ligand complexes than that of other interactions (Figure 6.6 B). 
A B
C D
 
Figure 6.6 Four energetic interactions involving catechoyl groups (DOPAs) for mussel adhesive 
proteins, including (A)hydrogen bonds, (B)metal-ligand complexes, (C)Michael-type addition 
compounds derived from a o-quinones, and (D) quinhydrone charge-transfer complexes [258]. 
Finally, Cell-Tak as a positive control was a mixture of mgfp-1 and mgfp-2, which were 
polyphenol proteins with large molecular weights (＞100 kDa), and this enabled it to replace 
water molecules easily before the interactions involving DOPAs formed, especially on non-
polar surfaces. In contrast, the adhesion of MRR5 could be inhibited by bulk water more 
easily, and a less stable performance could be observed when other factors (e.g., pH) changed 
due to its smaller molecular size (＜50 kDa). Therefore, to circumvent the loss and breakage 
of MRR5 as well as to have the best performance of this protein, unmodified MRR5 was 
prepared with suitable pH values for the subsequent characterizations. 
6.3.3 Adhesive performance analyses on wet tissues 
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6.3.3.1 MRR5 hydrogel 
As the recombinant protein MRR5 was developed with a potential application as a tissue glue, 
its adhesive strength on wet tissues was measured in a similar manner as previously reported 
[147]. The difference was that porcine skin fixtures (Figure 6.7 A) were all soaked in PBS 
(pH 7.4) for 2 h before the application of the protein for a better simulation of the human 
body environment. For investigations into the relationship between the protein concentration 
and the bulk tissue adhesive strength, in vitro lap shear testings were performed using an 
universal testing machine (Figure 6.7 B) with MRR5 at four different concentrations [10%, 
15%, 20% and 30% (m/v), meaning 100, 150, 200 and 300 mg/ml]. A positive correlation was 
found between the protein concentration and the adhesive strength for a hybrid mussel 
adhesive protein mgfp-151 from 20% to 30% (w/v). Unexpectedly, however, 15% crosslinked 
MRR5 (C-MRR5) showed the optimal tissue adhesive strength (2.50 ± 0.07 MPa), and the 
strength decreased to 1.80 ± 0.07 MPa and 0.45 ± 0.07 MPa as the concentration rose to 20% 
and 30%. A significant improvement was observed to the adhesion performance when the 
concentration of MRR5 climbed from 10% to 15%. As the non-crosslinked MRR5 (30%) 
could be released into the PBS during immersion, a small amount of the protein might stay 
between the tissues, and its adhesive strength was incomparable to that of crosslinked 
specimens (Figure 6.7 D). 
Therefore, it was reasonable to conclude that the addition of pro-resilin facilitated the 
adhesive and mechanical performance of mgfp-5 at a greater extent than mgfp-1 decapeptide 
repeats. In a previous research, characterization of the adhesive performance of naturally 
extracted mussel adhesive proteins was performed through lap shear testing, which showed 
the adhesive strength of ~ 1 MPa of the naturally extracted proteins on wet tissues [259]. 
More recently, mgfp-1 decapeptide repeats were added to both terminals of mgfp-5 to form a 
hybrid protein mgfp-151, and the hydrogel LAMBA, namely mgfp-151 with dityrosine 
crosslinks, exhibited the optimal tensile stress of 48.2±10.1 kPa at a concentration of 30% 
(w/v) and 72.2 ± 3.7 kPa at 50% in the lap shear testing [147]. In the current research, 
crosslinked gel made of 15% MRR5 showed stronger adhesive strength than that of LAMBA 
by a factor of 34-fold and naturally extracted mussel adhesive proteins by 2.5 folds. The 
significant difference in the adhesive strength of these two hydrogels demonstrated that the 
introduction of pro-resilin did enhance the adhesion performance of mgfp-5 hydrogel. 
As mentioned by the previous research, the adhesion of LAMBA was positively 
correlated to the tyrosine content in the MAP, and hence higher tensile stress was measured 
with LAMBA at higher concentrations of mgfp-151. Tyrosine residues played very important 
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roles in the conformational stability of the hydrogel through the formation of intermolecular 
di-tyrosines, as well as the surface adhesiveness via the crosslinks with the nearby tyrosine 
residues in the treated tissues [147]. In this study, however, the data showed quite different 
results regarding the relationship between the adhesion performance and the protein 
concentration. This demonstrated that the crosslinking level within the hydrogels at 20% and 
30% might be lower than that of the glue at 15% due to the low dosage of APS (ammonium 
persulfate, one of the crosslinkers used in dityrosine crosslinking), as a positive correlation 
was found between the dosage of persulfate (2.5%-20%) and the content of dityrosine after 
crosslinking [147]. Therefore, superior adhesion performance with 20% and 30% MRR5 
could be achieved through raising the dosage of APS and hence the content of dityrosine. 
Nonetheless, the lap shear testings against MRR5 hydrogel on wet tissues demonstrated much 
superior adhesive performance to that of LAMBA, and the contribution of elastic pro-resilin 
was significantly important for the enhancement of adhesion performance. 
6.3.3.2 MRR5 hydrogel with silicification 
As the last building block of MRR5, the 19-mer R5 peptide was supposed to confer the 
capacity for silica-deposition onto the recombinant protein and hence elevate the adhesive 
performance via strengthening the material. Precipitated silica was observed when a small 
amount of MRR5 was added into 1 ml of 100 mM silica precursor (Figure 6.7 C), and this 
confirmed the ability of MRR5 to induce the deposition of silica, which would be further 
verified in 6.3.4. However, as the effects of the deposited silica on the performance of the 
hydrogel remained unknown and the previous tests indicated that MRR5 hydrogel at 15% 
exhibited the optimal performance, 15% MRR5 hydrogel with silicification was therefore 
subjected to the same assays. Nevertheless, the results suggested that the silicified MRR5 
hydrogel had inferior mechanical and adhesive properties to that of the hydrogel without 
silicification (Figure 6.7 D), which was contrary to the anticipation that the integration of 
silica particles would benefit the performance of the hydrogel.  
For the lap shear testings against the silicified MRR5 hydrogel, the pre-hydrogel solution, 
containing 15% MRR5, crosslinkers and 30 mM silane precursor in sodium phosphate-citrate 
buffer (pH 8), was applied to wet tissues before the photochemical crosslinking. It was 
observed that the crosslinking process was slowed down so that the second time of irradiation 
was required. The extended crosslinking demonstrated that the addition of silica into the 
whole pre-hydrogel system might exert negative effects to the function of crosslinkers or the 
formation of di-tyrosines, or both. We had also attempted to perform crosslinking first on a 
wet tissue substrate, and then cover the hydrogel with silane precursor for silicification. After 
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the removal of excess silane precursor, the silicified hydrogel was covered with another tissue 
substrate to form an adhered fixture for the lap shear testing. However, this experimental 
design had an obvious flaw. As aforementioned, intermolecular di-tyrosine crosslinks 
between the hydrogel and the tissue substrate contributed to the adhesion, and the pre-
hydrogel solution was in contact with only one tissue substrate during crosslinking. Such a 
method would greatly affect the adhesion of the hydrogel to another tissue substrate, although 
the crosslinking process was protected from the silicification in this way. So the crosslinking 
and silicification of the pre-hydrogel solution were carried out simultaneously. It was found 
that the crosslinking degree of silicified MRR5 hydrogel was relatively low comparing to that 
of MRR5 hydrogel without silicification, resulting in slightly inferior adhesion performance 
of the silicified hydrogel (2.0±0.38 MPa) to that of hydrogel without silica (2.50 ± 0.07 
MPa).  
 
 Figure 6.7 (A) Photograph of adhered decellularized porcine dermis bonded to transparent acrylic 
plates for the lap shear testing using (B) a universal testing machine (Instron 5966). (C) Photograph of 
the formation of silica-precipitate after MRR5 was added to the silane precursor in sodium phosphate-
citrate buffer (pH 8). (D) Wet tissue adhesive strengths of MRR5, cross-linked MRR5 (C-MRR5) and 
cross-linked MRR5 with silicification (C&S-MRR5). Concentrations: 10%, 100 mg/ml; 15%, 150 
mg/ml; 20%, 200 mg/ml; 30%, 300 mg/ml. 
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6.3.4 Silicification reactions and Morphologies of the 
cast film of MRR5 
The R5 peptide was incorporated into MRR5 to confer the ability to induce silica deposition 
and porous structure to the materials made of the recombinant protein. SEM was performed to 
investigate the si-depositing conditions and morphologies of a crosslinked film of MRR5. As 
shown by the SEM analyses, two distinct structures formed after silicification on the film, 
including the irregular sheet layer and the network layer (Figure 6.8 A and D). From higher 
magnification electron microscopy images, it was observed that less defined silica spheres 
(Figure 6.8 E) were highly interconnected as the sheet structure (Figure 6.8 D) covering a part 
of the silicified film of MRR5 hydrogel, whereas dense aggregation of silica particles 
appeared on the surface of the crosslinked network within the silicified hydrogel film (Figure 
6.8 B and C). It was evident that the micron porous network structure within the silicified film 
was more regular than that in the negative control which was a casted film of MRR5 hydrogel 
free from silicification reactions (Figure 6.8 A, B and C versus F, G and H).  
The varied structures formed by the deposited silica might be attributed to the varying 
crosslinking degrees of different regions on the MRR5 film due to the non-uniform thickness 
of these regions. It was speculated that a higher portion of R5 peptide (on the C-terminal of 
MRR5) was exposed in the thicker regions with lower crosslinking degrees so that the bulk of 
silica spheres (in the sheet structure, Figure 6.8 D and E) could form. This effect in 
combination with the high concentration of the protein (150 mg/ml) resulted in the condensed 
structure of these spheres since the availability of the active sites was enhanced comparing to 
the highly crosslinked region, where most R5 peptide could be encapsulated [260]. 
Importantly, the deposition of silica particles have contributed to the formation of the regular 
micron porous network structure in the highly crosslinked region, while no such structure 
could be observed in the negative control (Figure 6.8 F, G and H).  
In summary, these results demonstrated that crosslinked MRR5 was capable of inducing 
micron porous silica network formation. More interestingly, the micron porous network 
structure, which formed in the silicification process of MRR5 hydrogel (crosslinked MRR5) 
film, would be very advantageous and beneficial  for tissue adhesives used in wound healing 
and tissue engineering, since this porous network within the protein material allowed for 
better oxygen permeability, cell retention capability and provide efficacy in prevention of 
tissue dehydration, etc.. The adhesive strength of MRR5 hydrogel slightly decreased after 
silicification while both of them still significantly outperformed the benchmark protein 
adhesives including naturally extracted mussel adhesive proteins and LAMBA made of 
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hybrid mussel adhesive protein mgfp-151 in the lap shear testing. 
A B C
D E
F G H
 
Figure 6.8 Morphological analyses of deposited silica on a crosslinked MRR5 film. SEM images of the 
porous structure (A, B and C) and irregular sheet structure (D and E) formed after silicification 
reactions on a crosslinked MRR5 film. A different net structure was observed from the control sample 
which was crosslinked MRR5 film free from silicification reactions (negative control; F, G and H). 
6.3.5 Structural characterization of MRR5 
Fourier transform infrared spectroscopy (FTIR) was used to obtain secondary structural 
information in a series of lyophilized samples including MRR5, MRR5 hydrogel, MRR5 
hydrogel with silicification, bovine serum albumin (BSA) and glycine. Amide I, II and III 
regions in the FTIR spectra were assessed for these samples at room temperature (Figure 6.9 
C). Especially, as a frequently used IR marker band for secondary-structure determination, the 
amide I vibration arises (~ 80%) mainly from the CO stretching vibration of the polypeptide 
backbone, and the rest part includes the out-of-phase CN stretching vibration, the CCN 
deformation and the NH in-plane bend. Since amide I frequency depends on the secondary 
structure of the backbone rather than the nature of the side chains, it has become the most 
commonly used vibration in FTIR spectra for secondary-structure analyses. A variety of 
secondary-structure elements of a protein absorb at different positions in the amide I region 
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(1,700-1,600 cm
-1
). However, the assignment of absorption peaks in amide I band is hardly 
straightforward because the frequency components of a protein can largely overlap, and a 
broad amide I band can be obtained if the protein has various secondary structures [261]. 
Therefore, resilin or resilin-related proteins and bovine serum albumin (BSA) with a known 
structure were used in the assignments of amide I band to secondary structure elements: the 
broad peak centered from 1,640 to 1,660 cm
-1
 represents one of or both random coil and 
helical conformation; the peak centered at 1,615-1,640 cm
-1
 to β-sheet conformation; and the 
peak from 1,660 to 1,695 cm
-1
 represents β-turn conformation [176, 261-263].  
 
Figure 6.9 Selected FTIR spectra in the (A) amide I, amide II and (C) amide III regions. 
As indicated by the FTIR analyses, a broad absorption peak occurred from around 1,660 to 
1,690 cm
-1
 for the four protein samples, especially for MRR5 with dityrosine crosslinks (C-
MRR5), MRR5 with dityrosine crosslinks and silicification (C&S-MRR5) and BSA, 
indicating the presence of random coil or helical conformation, or both, and β-turn 
conformation in the MRR5 samples and BSA (Figure 6.9 A). The absorption peak in amide I 
region of BSA demonstrated its helical conformation as it was mainly composed of helix 
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(67%) and turn (10%) [263]. The previous research determined that the pro-resilin (exon I) 
was largely unstructured at 80 ℃ in aqueous solution [264]. More recent research indicated 
that the exon I (pro-resilin) behaved like extended chains with flexible structures with 
backbone hydration and hydrogen bonding, and condensed and self-assembled into aligned 
globules upon dehydration through heating [261]. Considering the MRR5 samples were 
lyophilized before the FTIR analyses, the protein backbone could be partially dehydrated and 
the extended conformation could be folded at a certain degree.  
It was known that exon I (pro-resilin) was composed of 18 copies of the putative elastic 
repeat motif GGRPSDSYGAPGGGN, which resembled the dominant repeats of elastic 
proteins with long-range elasticity including elastin (VPGVG) and spider flagelliform silk 
(GPGGX) [166]. As noted by in earlier research, the amino acid with the smallest space 
requirement was glycine and thus it facilitated folding of polypeptide chains. Also, other 
amino acid residues with more reactivity might determine the folding pattern by mutual 
interactions. It was of significance that the large space requirement of proline was counter 
balanced with a comparable content of glycine within elastin which contained 25% glycine 
and 17% proline [265]. All these facts suggested the presence of beta-turn in the pro-resilin 
motif of MRR5, just as the FTIR spectra in amide I region showed. Furthermore, the analysis 
of the chain flexibility of MAPs showed the random coil conformation of MAPs, including 
mgfp-5 [266]. It was therefore speculated that the overall conformation of MRR5 was 
composed of random coil and β-turn under the experimental (lyophilized) conditions, while 
an extended (unstructured) structure could form in aqueous conditions for the pro-resilin 
motif of the protein, which allowed immediate response of this functional motif upon physical 
stress [261]. The random coil conformation enabled the mgfp-5 motif the flexibility to adapt 
to various surface chemistries and hence the adhesion of MRR5 to different surfaces [266].  
Absorbance in amide II region was largely involved with NH in-plane bending and CN-
stretching vibrations, and mainly composed of side chain vibrations in the protein backbone 
[261]. The evident band at 1,515 cm
-1
 due to the large side chain groups of tyrosine residues 
was observed for MRR5, whereas a weak shift from 1515 to 1517 cm
-1
 for C-MRR5 and 
C&S-MRR5 indicated the presence of crosslinks between tyrosine residues that affected the 
large side chain vibrations (Figure 6.9 A). In the N-H bending sensitive amide III region, the 
shift of peak from around 1,242 cm
-1
 to around 1,234 cm
-1
 after the MRR5 sample was treated 
with silicification (Figure 6.9 B), which demonstrated the deposition of silica to the amine 
groups.  
In summary, the FTIR spectra in amide I region showed the random coil and β-turn 
conformation of lyophilized MRR5 materials. It was believed that the random coli 
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conformation was attributed to mgfp-5 which enabled the material the flexibility to adhere to 
various surfaces; and the β-turn conformation was ascribed to pro-resilin that could form an 
extended (unstructured) structure in aqueous conditions, thus conferring the ability to 
response immediately upon physical stress (resilience) to the material. Furthermore, the FTIR 
spectra in amide II and III regions revealed the presence of dityrosine crosslinks within the 
MRR5 hydrogel and the deposited silica in the silicified MRR5 hydrogel. Therefore, based on 
the above results and the performance of MRR5 hydrogels exhibited in the lap shear testing, it 
was speculated that the random coil conformation enabled the adaption to various surfaces 
and thus the adhesive ability of MRR5 hydrogel; and the extended conformation might confer 
resilience to and thus enhance the conformational stability of MRR5 hydrogel which was 
further improved by the presence of dityrosine crosslinks, thus resulting in much superior 
adhesion performance of MRR5 hydrogel as compared with that of LAMBA that merely 
incorporated the dityrosine crosslinks instead of resilin to obtain a stable conformation [147]. 
Moreover, comparing to the adhesion performance of MRR5 hydrogel, silicified hydrogel 
showed weaker adhesive strength due to its lower crosslinking degree, indicating the 
contribution and significance of conformational stability to the adhesion performance of the 
protein materials.  
6.3.6 Cytocompatibility of MRR5 
As a promising candidate material for bioadhesives, MRR5 should be evaluated as to its 
biocompatibility. For a comprehensive evaluation, cytotoxicity assessment was performed 
using human embryonic kidney 293T cells cultured in media containing soluble MRR5 and 
leachable content of MRR5 hydrogels. After 48 h incubation in 10 mg/ml MRR5, the cell 
viability decreased from 10.9 ± 0.6 % to 0% relative to that in a blank medium (negative 
control at 48 h). In diluted MRR5 solutions (1 and 0.1 mg/ml), the viabilities remained to 100% 
which were comparable to that of the negative control (Figure 6.10 A). Besides, the 
cytotoxicity of MRR5 hydrogels were assessed by culturing the cells directly in the gel 
extracts. The cell viabilities in the medium containing gel extracts after 24 h and 48 h were 
normalized to that of the negative control at 24 h. The cell viability was even higher than that 
of the negative control at 24 h by 37.0 %, and was at an identical value to that of the negative 
control at 48 h (Figure 6.10 B).  
While 10 mg/ml protein concentration showed cytotoxicity and cells were dead after 12 h 
of culture, the diluted concentrations (1 and 0.1 mg/ml) had minimal effect on the cell 
proliferation with increasing incubation. This indicated that the ceiling value of free MRR5 
was between 1 and 10 mg/ml as to negligible cytotoxicity. The higher cellular proliferation 
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rate in gel extracts, as comparing to that of the negative control, indicated that the gel extracts 
had positive effects rather than toxicity on the cells. 
The leachable content of the gel was predicted to be composed of free MRR5, APS and 
[Ru(bpy)3]
2+
. As previously reported, [Ru(bpy)3]
2+
 would have hardly any cytotoxicity to 
fibroblasts at a frequently-used concentration (2 mM), whereas more than 99% persulfate was 
rapidly consumed during the crosslinking reaction and the remained content was too low to 
cause cytotoxicity [147, 267]. Therefore, after the culture of the hydrogel in a medium for 24 
h, the level of released MRR5 in the gel extracts was insignificant to exert adverse effects on 
the cellular proliferation. As for the light source to induce crosslinking reactions, it was 
reported that visible light was more suitable for the application in situ biomaterials than UV 
light which was harmful to cells [268]. Although visible light from a 500-W tungsten-halide 
source was used in the current research, the blue light from an LED dental curing lamp could 
be more suitable in applications of the bioadhesive [147]. In summary, as the cytotoxicity 
assessment demonstrated, MRR5 hydrogel had little toxic effects to the proliferation of 
human embryonic kidney 293T cells. Also, free MRR5 at a high concentrations (10 mg/ml) 
caused death of cells, whereas positive influences on cells were observed at low 
concentrations of 1 and 0.1 mg/ml.  
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Figure 6.10 In vitro cytotoxicity analyses against MRR5 and crosslinked MRR5. (A) After incubation 
in the medium containing 10, 1 and 0.1 mg/ml MRR5 for 48 h, cell viabilities were normalized to that 
in blank medium (without MRR5) at 48 h (100%). Three independent samples were averaged to obtain 
each measurement. (B) Relative cell viabilities in the gel-extracts were determined by normalizing the 
values to that of blank medium at 24 h (100%). Cell viabilities in 10% DMSO, which was toxic to 
cells, were measured as negative controls. 
6.4 Summary 
To summarize, the purified protein in Chapter 4 had been confirmed to be intact MRR5 that 
was a hybrid of mussel adhesive protein mgfp-5, pro-resilin and R5 peptide. In this chapter, 
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we had systematically investigated secondary structure, adhesive performance, silicification 
and morphologies of MRR5 as bioadhesives.  Coating investigations using the purified MRR5 
on a series of surfaces demonstrated that the adhesive ability of MRR5 was retained under 
watery conditions. The lap shear testing revealed that the adhesive property of MRR5 
hydrogel (150 mg/ml MRR5) on wet tissues was much superior to that of LAMBA hydrogel 
made of the hybrid mussel adhesive protein mgfp-151 (500 mg/ml) with dityrosine crosslinks 
found in literature. The adhesive performance of MRR5 hydrogels with and without 
silicification significantly outperformed LMABA and naturally extracted mussel adhesive 
proteins despite slightly decrease of adhesive strength of MRR5 hydrogel after silicification 
as compared to the MRR5 hydrogel without silicification. Moreover, SEM studies showed the 
silicification ability of MRR5 and that deposited silica facilitated the formation of regular 
micron porous networks within silicified MRR5 hydrogel which would be very beneficial to 
applications involving wound healing and tissue engineering.  
FTIR spectra in amide I region in combination with the amino acid sequence analysis of 
MRR5 confirmed the random coil and β-turn conformation of dehydrated MRR5 materials, 
implying the random coil conformation of mgfp-5 and extended (unstructured) structure of 
pro-resilin within MRR5 in aqueous conditions. FTIR spectra in amide II and III regions 
showed the presence of dityrosine crosslinks and silica within the hydrogel and silicified 
hydrogel samples, respectively. The results from lap shear testing and FTIR indicated the 
contribution of pro-resilin to the adhesion performance of the protein materials in watery 
conditions.  
It was speculated that the random coil conformation enabled the adaption to various 
surfaces and thus the adhesive ability of MRR5 hydrogel; and the extended structure might 
confer resilience to and thus enhance the conformational stability of MRR5 hydrogel, which 
was further improved by the presence of dityrosine crosslinks, resulting in much superior 
adhesion performance of MRR5 hydrogel as compared with that of LAMBA, which only 
included the dityrosine crosslinks instead of resilin to obtain a stable conformation. Moreover, 
comparing to the adhesion performance of MRR5 hydrogel, silicified hydrogel showed 
weaker adhesive strength due to its lower crosslinking degree, indicating the contribution and 
significance of conformational stability to the adhesive performance of the protein materials. 
However, the micron porous network structure, which formed in the silicification process of 
MRR5 hydrogel film, would be very desirable for tissue adhesives used in wound healing and 
tissue engineering, since this porous network within the protein material allowed for better 
oxygen permeability, cell retention capability and provide efficacy in prevention of tissue 
dehydration, etc.. The adhesive strength of MRR5 hydrogel slightly decreased after 
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silicification while keeping at a higher level than that of LAMBA made of hybrid mussel 
adhesive protein mgfp-151 in the lap shear testing. Finally, in the cytotoxicity analyses using 
human embryonic kidney 293T cells, little toxic effects were observed with low 
concentrations (1 and 0.1 mg/ml) of MRR5. Although a high concentration (10 mg/ml) of 
MRR5 exerted adverse effects to cells, leachable contents of MRR5 hydrogel (crosslinked 
150 mg/ml MRR5) did not negatively affect cellular proliferation, demonstrating that released 
MRR5 and crosslinkers from the hydrogel was negligible. The results mentioned above 
demonstrated that the recombinant protein MRR5 offered an alternative tissue adhesive with 
strong adhesion in wet conditions and very low toxic effects for would healing and tissue 
engineering. 
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Chapter 7 
Conclusions and Future Work 
7.1 Conclusions 
In biomedical applications, wound healing is an important topic involving suturing or stapling 
and wound dressings in traditional medical practices. Wound dressings are often made of 
porous materials to enhance wound healing by allowing for better oxygen permeability and 
providing efficacy in prevention of tissue dehydration and bacterial infection. Also, the 
dressing should be non-toxic, non-allergenic, seamlessly adhesive to the skin around the 
wound but easily removed upon healing [35]. While suturing has been the most common 
method to achieve wound closure to withstand daily tensile forces when the wound is most 
vulnerable, this technique has the drawbacks of surrounding tissue damage, causing nerve 
damages and inflammation response [30], scar tissue formation [31] and discomfort during 
closure. In order to overcome these problems, bioadhesives (tissue adhesives) have emerged 
as an alternative for the fulfilment of wound healing tasks. In addition, a large amount of 
studies has found that porous tissue scaffold with cell adhesion ability is very beneficial to the 
cell attachment, retention, migration and proliferation. 
The existing bioadhesives fall into three categories – naturally derived tissue adhesives, 
protein based adhesives and synthesized polymers. Although some of these materials have 
been used in practical applications, their inferior performance motivates researchers to 
continue with the exploration of high performance bioadhesive materials. Synthetic polymer-
based adhesive materials often possess low to moderate adhesive strength and cytotoxicity, 
and thus are restricted to external applications. Newly developed copolymer materials 
including bioadhesive ligand (catechol) found in mussel adhesive proteins, namely 3,4 – 
dihydroxystyrene-co-styrene, shows good adhesion in watery conditions (3-7 MPa), while it 
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is notable that this adhesive still has to face some problems, namely the usage of toxic 
oxidizing agents for curing, while its biocompatibility is yet to be determined. Natural 
occurring materials, such as chitosan, are extracted from abundant natural sources; exert far 
less toxic effects to the human body, but exhibit relatively poor adhesive performance. 
Furthermore, protein based materials, such as gelatin and fibrin, usually involve with the 
usage of toxic crosslinkers, possible introduction of infectious agents and allergenic reactions. 
It is significant to notice that while water-resistant adhesion elevated by conformational 
stability and porosity is highly desirable to fulfil wound healing and tissue engineering tasks, 
no such a bioadhesive is developed or under developing. Therefore, it is proposed that a novel 
bioadhesive can be generated in order to fulfil different wound healing tasks with strong 
adhesive property, as well as the ability to permeate oxygen while protecting tissues from 
dehydration as wound dressings; and promote cell retention, migration and proliferation and 
hence tissue regeneration in the wound areas as tissue scaffolds. 
Concurrently, proteins found in different organisms in nature hold the potential to fulfil the 
unmet wound healing and tissue engineering needs with moisture-resistant adhesion, 
conformational stability and capacity to induce the formation of porous silica skeleton, 
respectively. Nonetheless, natural extraction of these proteins is cost-intensive and laborious 
due to limited sources or low concentrations in nature, while chemical synthesis of peptides is 
associated with cytotoxicity, size limitation (< 30 kDa) and ultra-high cost [28]. Therefore, 
recombinant DNA techniques have become a pathway of significant meaning to the fulfilment 
of this task. 
To develop bioadhesives, rDNA techniques have emerged and offered a promising and cost 
effective route to produce recombinant proteins with desired properties by integrating 
different building blocks (proteins/peptides) at genetic level. Normally, a recombinant gene 
composed of a few beneficial genes encoding the assembly of the desired proteins/peptides 
found in nature is synthesized first and then transformed into a host organism for the 
biosynthesis of the recombinant protein. E.coli is the most commonly used host organism for 
biosynthesis of proteins in rDNA techniques. Recently, many studies have successfully 
produced recombinant mussel adhesive proteins through recombinant expression using E.coli. 
Especially, the LAMBA hydrogel, which is made of the hybrid mussel adhesive protein 
mgfp-151, possesses water-resistant adhesive property (72.2 ± 3.7 kPa) and negligible 
cytotoxicity as reported [82, 143, 144, 147, 252]. However, the adhesive strength and 
conformational stability are relatively low as compared with that of the DOPA-inspired 
polymer 3,4 – dihydroxystyrene-co-styrene (3-7 MPa).   
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Nevertheless, challenges remain for expressing a chimeric gene composed of parts from 
different sources (species). Firstly, truncated products can be obtained because of the serious 
amino acid bias of the target protein. Secondly, although the expression and purification of 
recombinant mussel adhesive proteins and resilin are previously reported, the isolation of the 
recombinant protein from E.coli can be difficult due to the intramolecular interactions 
between the building blocks of the protein and the intermolecular interactions between the 
target protein and undesired proteins from the host organism. Thirdly, although truncated 
products can be circumvented, unforeseen obstacles can result in the low production yield of 
the recombinant protein, which then limits the subsequent characterization of the obtained 
protein materials.  
To tackle these challenges, this thesis successfully developed a sophisticated rDNA 
technique to produce the high performance recombinant protein MRR5 in E.Coli with high 
water-resistant adhesive strength, conformational stability, porosity and biocompatibility 
through the optimal expression of a recombinant gene mrr5 composed of the genes encoding 
adhesive protein mgfp-5 from mussels, pro-resilin from fruit fly Drosophila melanogaster and 
R5 peptide from diatoms. A new purification strategy and E.coli genetic modification and 
culture techniques were developed to enhance the yield of the recombinant protein.  
Experimental investigations revealed the structural and morphological properties of the 
protein MRR5 and the materials made of MRR5, and verified their functionalities. The 
obtained materials made of MRR5 showed excellent adhesive performance (2.5 ± 0.07 MPa) 
that was superior to that of the previously reported LAMBA (72.2 ± 3.7 KPa) and comparable 
to that of the DOPA-inspired polymer 3,4 – dihydroxystyrene-co-styrene (3-7 MPa) on wet 
tissues. Furthermore, SEM demonstrated the porous network morphology of silicified MRR5 
hydrogel which was very beneficial to applications involving tissue engineering, although the 
adhesive performance slightly declined upon silicification of MRR5 hydrogel. Finally, 
cytotoxicity assessment indicated that MRR5 at a concentration of less than 10 mg/ml and 
MRR5 hydrogel exerted negligible toxic effects to human cells. The obtained knowledge and 
techniques would have contributed to the development of new tissue adhesives for wound 
healing or tissue engineering. 
This chapter summarizes the contributions of the thesis and proposes future research 
directions. 
7.1.1 Design and expression of a novel recombinant 
protein MRR5 
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In the biosynthesis of MRR5 with E.coli, the design and optimization of the chimeric gene 
and a suitable expression platform are essential for obtaining the desired protein product. In 
Chapter 3, a novel design of recombinant protein was explored to fulfil the requirements for 
versatile bioadhesives in wound healing and tissue engineering applications. Also, a stable 
and powerful expression platform was established for the biosynthesis of the novel protein.  
More specifically, the recombinant protein was designed with three functional modules, 
including mgfp-5, pro-resilin and R5 peptide. In this design, mgfp-5 acted as an interfacial 
adhesive to bond with tissues; pro-resilin in the middle position of the design worked as a soft 
segment to improve adhesive strength of the material; R5 peptide was placed at the C-
terminal of the protein for silica deposition that might confer the material strength and porous 
morphology. The sequence of the chimeric gene encoding the recombinant protein had been 
arranged according to the design. However, as the codon system of E.coli varied from that of 
the three species, the DNA sequence of the chimeric gene was optimized for its adaptation to 
the codon bias of E.coli, hence decreasing the chance of obtaining truncated products. As a 
result, 74% rear codons in the original sequence were replaced by those with higher usage 
levels in E.coli without the change to the amino acid sequence of the recombinant protein.  
After synthesis, the chimeric gene with an optimized DNA sequence was integrated into 
expression platforms constructed with four different E.coli strains and two promoters 
including lac Z and T7, both of which needed an inducer (e.g., IPTG) to activate the 
transcription of the target gene. Expression conditions of the target protein with different 
platforms were compared in order to determine the optimal strain and promoter. Moreover, 
expression level of the target gene with the determined platform had been investigated under 
different culture conditions as to offer a profile of the production level of the target protein.  
SDS-PAGE analyses were performed to compare the expression conditions of the desired 
protein, and Western blot analyses were carried out to determine the expression of the target 
protein with the optimal strain BL21 (DE3) pLysS. Real-Time and spectrophotometry (600 
nm) analyses were used to investigate the mRNA level of the target gene and cell density of 
E.coli during the culture in different conditions. The presence of recombinant MRR5 in E.coli 
was identified by the Western results, indicating that the target protein had been successfully 
produced with the constructed platform BL21 (DE3) pLysS-pET28a/mrr5. The further 
analyses with Real-Time PCR and spectrophotometry showed that the expression of the 
protein in E.coli remained at a relatively stable and high level for a long duration (6 h) in 
auto-induction medium, while decreased quickly with the traditional log-phase induction in 
LB medium.  
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7.1.2 Purification of the recombinant protein MRR5 
As the expression of the desired protein MRR5 with the optimal platform had been 
determined in Chapter 3, Chapter 4 explored technical schemes to isolate the protein from 
E.coli cells. High purities (80-90% or higher) were required for the finally obtained products 
to fulfil the final application needs and effective characterization requirements. 
Typically, the isolation process takes advantages of the unique properties of target proteins 
to achieve the purpose of purifying the desired protein. In the current study, the predicted pI 
of MRR5 was as high as 9.7 which led to the cationic property of this protein in most 
commonly used buffers. In addition, the recombinant protein was expressed with a 
hexahistidine affinity ligand. So the desired protein might be isolated using strong cation-
exchange chromatography (SCX) or Ni-NTA immobilized metal affinity chromatography 
(Ni-NTA IMAC). Nonetheless, neither of these two liquid chromatography methods could 
obtain highly purified MRR5 alone; and extra steps had to be carried out to exclude most 
contaminants (undesired proteins and DNAs) in the lysate before the final purification using 
liquid chromatography. Therefore, in this study, purification of the recombinant protein 
MRR5 involved two interdependent phases. First was the extraction phase that included cell 
lysis and exclusion of most undesired proteins, which was crucial to the performance of the 
second phase (purification phase) that involved liquid chromatography to isolate the target 
protein with high purities. 
In the first phase, a novel two-fraction extraction strategy was developed. This strategy was 
evaluated through SDS-PAGE and Western blot analyses throughout the whole extraction 
process. In specific, cell lysis was performed in different buffers to determine the optimal 
condition for an effective lysis of cells. The E.coli lysate was composed of the soluble protein 
fraction and the insoluble cell debris fraction. Unlike other recombinant proteins that showed 
in either the soluble protein fraction or the insoluble cell debris fraction, the target protein 
MRR5 exists in both fractions, which meant that the extraction of the protein must be 
performed to both.  
For the extraction of MRR5 in the insoluble cell debris fraction (IS-MRR5), acetic acid was 
considered to be useful as the previous reports indicated that this acid was effective to 
dissolve the inclusion bodies of the hybrid mussel adhesive protein (MAP) mgfp-151 and 
natural MAPs. The insoluble cell debris fraction was treated with firstly acetic acid and then 
sodium chloride in acetic acid buffer (pH 4.7), or with the same two solutions in a reverse 
order. Experimental results showed that acetic acid could only extract a part of IS-MRR5, and 
the other part stayed in the insoluble cell debris fraction even after the treatment of sodium 
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chloride in acetic acid buffer. Alternatively, all of IS-MRR5 could be extracted by using 
sodium chloride in acetic acid buffer and acetic acid in a consecutive way. Based on these 
results, it was therefore speculated that IS-MRR5 was composed of two parts, including the 
MRR5 bound with anionic proteins in the cell debris and the MRR5 as inclusion bodies. The 
former part could be released with sodium chloride in acetic acid buffer, whereas enveloped 
by the undesired proteins bound to it in acetic acid; the latter part (inclusion bodies) could be 
dissolved with acetic acid directly as it is not bound to any other proteins. Therefore, it was 
important to note that the insoluble cell debris fraction had to be treated with a consecutive 
sequence of sodium chloride in acetic acid buffer (pH 4.7) and acetic acid to extract all of IS-
MRR5. More significantly, it was confirmed that MRR5 is cationic and acetic acid soluble.  
For the extraction of MRR5 in the soluble protein fraction (S-MRR5), the commonly used 
methods for extracting neutral or anionic recombinant proteins, including PEI-precipitation 
and salting out using ammonium sulfate, were used in the first place. Experimental results 
showed that these two approaches were inapplicable to the extraction of S-MRR5 due to the 
special properties of this protein. Specifically, PEI functioned as a water-insoluble cationic 
agent that coupled with anionic contaminants (undesired proteins and DNAs), and hence 
removing these contaminants. The presence of cationic MRR5 had a large impact to the 
performance of PEI and this was why no or a very small amount of contaminants was 
removed as indicated by experimental results. Salting out was an approach to precipitate the 
target protein, together with some undesired proteins, using ammonium sulfate; and the 
obtained precipitate could be redissolved in a proper buffer for further extraction or 
purification of the desired protein. Although MRR5 could be effectively precipitated with 25-
30% ammonium sulfate, the precipitate could only dissolve in neutral or basic buffers instead 
of the acidic buffer used for the protection of MRR5 from peroxidation, damage and adhesion 
to contacting surfaces during the whole purification process, since the naturally extracted 
mussel adhesive proteins were confirmed to be peroxidated and adhere to surfaces quickly 
under neutral or basic conditions that resulted in the loss of the proteins. Therefore, the two 
approaches mentioned above could not be used to extract S-MRR5. Concurrently, as MRR5 
had been confirmed to be acetic acid-soluble, this acid was used to extract the S-MRR5. 
Nonetheless, experimental results demonstrated that S-MRR5 precipitated in acetic acid until 
sodium chloride was added, indicating that cationic S-MRR5 was bound with anionic 
undesired proteins and co-precipitated with these undesired proteins in acetic acid; the 
addition of salt broke the interaction forces between S-MRR5 and the undesired proteins so as 
to release the S-MRR5 to dissolve in the acid. These results had confirmed that the 
recombinant protein MRR5 was acetic acid-soluble. More significantly, the electrostatic 
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interactions between the cationic S-MRR5 and anionic undesired proteins inhibited the 
extraction of S-MRR5 using acetic acid which made most proteins precipitate, and salt was 
very important to break these interactions.  
More significantly, it was learned from the development of the novel two-fraction 
extraction strategy that:  
1) MRR5 was acetic acid-soluble and cationic; 
2) MRR5 was expressed in both a soluble form and inclusion bodies in E.coli; 
3) The soluble MRR5 was bound with other anionic proteins via electrostatic forces and 
kept soluble or precipitated depending on the status of the undesired proteins bound to 
MRR5 in the buffering conditions; 
4) Salt (sodium chloride) could be used to break the electrostatic forces through ion 
shielding effects, and thus enabled the extraction of MRR5 with acetic acid. 
Although the two-fraction extraction strategy was feasible to extract MRR5 from the E.coli 
lysate, the process was tedious, laborious and inefficient. Therefore, with the knowledge listed 
above, an alternative strategy, namely a modified single-fraction extraction strategy, had been 
proposed for fulfilling the tasks in the first phase with higher efficiency.  
SDS-PAGE and Western blot analyses were performed to evaluate this modified single-
fraction extraction which was  a five-step strategy involved cell lysis (in acetic acid buffer, pH 
4.7), heating, pre-treatment with sodium chloride  (in the buffer used for cell lysis), extraction 
with acetic acid and dialysis in acetic acid buffer containing sodium chloride (pH 4.7). 
Experimental results demonstrated that the target protein MRR5 co-precipitated with 
undesired proteins into the insoluble cell debris fraction during heating; the subsequent 
treatment with salt in acetic acid buffer removed some undesired proteins rather than MRR5 
from the IS; and the recombinant protein left in the insoluble cell debris fraction was finally 
extracted with acetic acid. Although a small amount of undesired proteins were extracted 
together with MRR5, a part of these undesired proteins could be removed in the further 
extraction involving the dialysis of the acetic acid-extract in excess acetic acid buffer 
containing salt. As a result, the desired protein accounted for the vast majority of the proteins 
in the obtained extract, which laid a solid foundation for the final purification using liquid 
chromatography for obtaining highly purified MRR5. It was therefore to conclude that the 
modified single-fraction extraction strategy was much superior to the two-fraction extraction 
scheme and was not only feasible but also effective to extract the desired protein out of the 
E.coli lysate. 
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After the desired protein being extracted, the second phase involving the usage of liquid 
chromatography aimed to obtain highly purified MRR5 for fulfilling the final application 
requirements and effective characterization needs.  Acetic acid buffer (pH 4.7) containing 
sodium chloride had been used to inhibit peroxidation and damage of MRR5 as well as the 
adhesion of the protein to the inner surface of the liquid chromatography equipment during 
the purification process. Considering the desired protein was expressed with a hexahistidine 
affinity ligand and its cationic property, two chromatography methods, including Ni-NTA 
immobilized metal affinity chromatography (Ni-NTA IMAC) and strong cation-exchange 
chromatography (SCX), were available to finally purify MRR5 from the extract obtained in 
the last phase. As a certain concentration of salt was required to shield MRR5 from other 
proteins in the start buffer, SCX was excluded considering this chromatography method 
requirement no or a very low concentration of salt in the start buffer. Therefore, the final 
purification was supposed to perform with Ni-NTA IMAC. Repeated experiments with step-
wise elution and gradual-gradient elution were carried out to determine the optimal elution 
strategy to obtain highly purified MRR5. 
The purification of MRR5 using Ni-NTA IMAC with different elution strategies was 
evaluated by detecting the target protein with SDS-PAGE and Western blot analyses 
throughout the purification process. The evaluation results showed that the purification of the 
MRR5 extracted from the last phase using the Ni-NTA IMAC, which involved pre-elution 
using 100 mM imidazole and 200 mM imidazole, respectively, and final elution with 500 mM 
imidazole, obtained MRR5 with purities of higher than 90%. All these results above indicated 
that the modified single-fraction extraction scheme in combination with the Ni-NTA IMAC 
could effectively isolate the recombinant protein MRR5 with high purities (> 90%) that were 
comparable to that of the hybrid mussel adhesive protein mgfp-151 (~ 97%). Most 
significantly, this was the first report to successfully purify a cationic recombinant protein 
produced in both soluble and insoluble forms in E.coli cells; and the results would make 
fundamental contributions to the generation and studies of recombinant proteins with the 
similar properties and production characteristics to that of MRR5.  
Based on the spectrophotometry of the purified protein in 5% acetic acid and 10% glycerol, 
it was calculated that the overall productivity of MRR5 was about 1 mg/L culture which was 
very low, and this problem was addressed and discussed in the following stage. 
7.1.3 Enhancement of MRR5 yield 
Although the desired protein MRR5 had been successfully produced in E.coli and isolated 
from the host cells with high purities in Chapter 3 and 4, respectively, the overall production 
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yield of the protein MRR5 was relatively low ( ～ 1 mg/L culture) for downstream 
characterization and wide applications. Therefore, it was significantly important to enhance 
the production level of the recombinant protein MRR5 with E.coli. Before the actual 
measures being taken, investigations into the transcription level of the recombinant gene mrr5 
and the cell growth of the E.coli under auto-induction conditions had been performed in 
Chapter 3, and the results indicated that the mRNA level, representing the transcription level, 
of mrr5 remained high and stable for 6 h during the culture process under auto-induction 
conditions; and the cell growth kept at a relatively low level during the culture process under 
auto-induction conditions. Therefore, there were two measures, including raising the 
translation level of the recombinant gene mrr5 in E.coli cells and increasing the cell growth of 
E.coli, could be taken to elevate the MRR5 production level with E.coli.  
As the production level of MRR5 in E.coli cells relied on the transcription level and the 
translation level of the recombinant gene, and the transcription level, represented by the 
mRNA level, of the recombinant gene mrr5 had been proved to be high and stable for a long 
duration under auto-induction conditions, the translation level of MRR5 could be a limiting 
factor to the production of the protein in E.coli cells. Moreover, the relationship between the 
amino acid composition of the recombinant protein MRR5 and the corresponding tRNA pool 
affected the translation of the recombinant gene to a great extent. Specifically, pro-resilin, 
which was composed of 18 copies of the elastic repeat motif (GGRPSDSYGAPGGGN) of 
Drosophila resilin, was the dominant building block of the recombinant protein MRR5. 
Although the size of pro-resilin was just ～33 kDa, it was rich in glycine (36.2 %), and this 
proportion decreased slightly for MRR5 (～40 kDa) (32.5 % glycine). The high content of 
glycine residues could also be found in the famous spider silk proteins (43-45%) and this had 
become the major barrier for the successful production of a recombinant spider silk protein 
with a native size (250-320 kDa) due to the lack of tRNA
Gly
 for transporting glycine during 
the translation process in E.coli [6]. Likewise, although the DNA sequence of the recombinant 
gene mrr5 was optimized according to the codon bias of E.coli and the recombinant protein 
MRR5 had been successfully produced in E.coli, the production yield was relatively low and 
could be partly attributed to the high content of glycine residues in MRR5 and the relatively 
low availability of tRNA
Gly
, which functioned as a transporter to combine with glycine to 
form glycyl-tRNA under the catalysis of glycyl-tRNA synthetase and then matched with 
mRNA through codon recognition during translation process in E.coli cells. Therefore, 
genetic modifications could be made to the E.coli to raise the tRNA
Gly
 pool and the level of 
glycyl-tRNA synthetase glyQS, and hence enhance the level of glycyl-tRNA for elevating the 
production yield of MRR5 in E.coli cells. 
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The traditional genetic modification method was to insert the genes encoding tRNA
Gly
 into 
an extra plasmid and transform the plasmid into the E.coli. In specific, heterologous products 
and low production yield remained to be the major problems to E.coli as the recombinant 
expression platform for proteins with high molecular weight and repeating units, such as 
spider dragline silk proteins (MaSp 1 and MaSp 2). It had been proven that the high-
performance properties of spider dragline silks positively related to the long sequences and 
repetitive modules of these two spidroins, but the attempts to obtain recombinant spider silk 
proteins with molecular weight of more than 100 kDa failed. The repetitive sequences within 
spider silk proteins were rich in glycine (44.9%); and the intrinsic difference of protein 
translation systems between the bacteria and spider led to an undersupply of tRNA
Gly
, and 
hence premature termination errors in translation process, which resulted in heterologous 
products, low production yield or even production failure. So the key to successful expression 
was the elevated tRNA
Gly
 and hence glycyl-tRNA pool within E.coli. Therefore, in the 
reported method, E.coli with an extra plasmid containing the genes (glyVXY) encoding 
tRNA
Gly
 was adopted to enhance the expression of a recombinant spider silk protein with a 
molecular weight of 284.9 kDa, which was in accordance with that of natural spider silk 
proteins (250-320 kDa). Fibers spun from the recombinant spider silk proteins displayed 
similar mechanical properties to natural spider silks [6].  
The results provided above indicated that the overtranscription of tRNA
Gly
 was able to 
optimize the translation of the glycine-rich recombinant protein with a high molecular weight 
(＞100 kDa). So it was believed that the elevated tRNAGly level could also bring about more 
efficient translation, and thus higher production yield of glycine-rich recombinant proteins 
with a lower Mw (≤100 kDa), such as MRR5 (40-50 kDa). However, although the 
aforementioned measure, which was to use an extra plasmid to carry the genes (glyVXY) 
encoding tRNA
Gly
 [6], had enabled the expression of a recombinant protein with a high 
molecular weight, the obtained production yield kept at a very low level. Moreover, the 
formation of glycyl-tRNA was limited by both of tRNA
Gly
 and glyQS (glycyl-tRNA 
synthetase), but the reported method merely achieved the overtranscription of tRNA
Gly
 with a 
plasmid, while relying on the up-regulation of glyQS by the cell itself instead of inserting the 
gene glyQS that encoded the synthetase glyQS, to the same plasmid. Finally, even if both 
glyVXY and glyQS had been carried by an extra plasmid into E.coli, an evident disadvantage 
of this strategy was that the plasmid could be lost during the reproduction process of E.coli 
cells. So this method might be insufficient to raise the production level of the target protein in 
this study. Apart from glycyl-tRNA and glyQS, the level of seryl-tRNA and serS (seryl-tRNA 
synthetase) could be important to the translation of MRR5, as serine was the second abundant 
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(14%) amino acid in the protein. Therefore, to optimize the translation process of MRR5 to a 
greater and more stable extent, a novel genetic engineering technology, namely multiplex 
automated genome engineering (MAGE), was required to generate the enhancement to 
multiple loci simultaneously within the genome of E.coli to elevate the translation of the 
recombinant gene mrr5. 
As aforementioned in 5.1, MAGE was a cyclic and scalable technology for simultaneously 
producing modifications to multiple locations on the chromosome in a population of E.coli 
cell. Four conditions were necessary for implementing this technology, including: 1) 
synthesized single-stranded DNA (ssDNA), 2) bacteriophage λ-Red ssDNA-binding protein β; 
3) the absence of gene mutS in the cells; 4) electroporation. In this research work, cyclic 
culture (at 30 ℃), induction (at 42 ℃ for the expression of protein β) and electroporation 
were carried out to the modified E.coli strain EcNR2 (mutS
-
, λ-Red+). In each MAGE cycle, 
cells were cultured at 30 ℃, 42 ℃ and 4 ℃ for cell growth, heat-shock and cooling. With the 
help of an automated MAGE device, the cooled cells were concentrated with a filter 
membrane, and then resuspended in wash buffer or water for the subsequent electroporation at 
the presence of oligos, which were delivered into the cells by the electroporation. After being 
delivered into the cells, the oligonucleotides (or ssDNA) bound with protein β, which then 
directed them to the lagging strand of the replication fork during DNA replication so that the 
allelic replacement could be achieved to the target locations in the chromosome. In the 
previous report, MAGE could introduce genetic modifications to > 30% of the cell population 
every 2-2.5 h. As a result, for tunning the twenty-four genes associated with the 1-deoxy-
Dxylulose-5-phosphate (DXP) biosynthesis pathway, 4.3×10
8
 bp variants per cycle for 35 
cycles had been generated by MAGE. A production increase of lycopene by 5-fold had been 
obtained among some variants isolated from about 10
5
 colonies in the screening process after 
5-35 MAGE cycles  [5]. 
In the current study, traditional MAGE was conducted in accordance to the reported 
methodology [5] to perform modifications to six sites of the E.coli genome to optimize the 
glycyl-tRNA and seryl-tRNA level and hence the expression level of recombinant MRR5 
within E.coli. After ten MAGE cycles, the modifications to the targets were evaluated by the 
screening using PCR, semi-nested PCR and DNA sequencing. The obtained results showed 
that within a ～1500 bp context of glyVXY, the DNA sequence had changed. Specifically, the 
sequence identity between the modified and original E.coli was only 78%. Especially, 
sequence alignment in the core area of locus glyVXY showed 75% identity, whilst the target 
sites (-35-box and -10-box) stayed unchanged (appendix B). As for the other targets involving 
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the genes glyQS and serS, no positive result was obtained from the PCR using outer primers 
in a wide range of area (2000-3000 bp).  
The results above indicated that the traditional MAGE had made sequence changes to the 
given loci, but the resultant modifications were unexpected. The context sequences of genes 
glyQS and serS might be largely changed beyond expectations, since the PCR using the same 
primers worked well on these two loci in the original E.coli; and it was unclear if the target 
sits changed as respected because of the failed PCR. The modification strategy might be 
responsible for the unsatisfactory results. Due to the close locations of -35-box, -10-box and 
RBS within the locus of glyQS, the 90-nt oligos (HR3-HR5, Table 5.1) used to replace these 
three sites overlapped with each other. A 90-nt oligo was composed of the predicted sequence 
of a target site (6-11 nt) and two homologous flanking regions (40-50 nt) of the target site. In 
the plan, HR3 worked first for modifying the -35-box, followed by HR4 to tune the -10-box 
and HR5 for changing the RBS. So the downstream flanking region of HR3 included the 
original -10-box; the upstream flanking region of HR4 included the modified -35-box; and the 
upstream sequence of HR5 contained the modified -10-box. The ss-oligos for the locus of 
glyVXY underwent the similar process. Although only one ss-oligo was used to modify the 
locus of serS, the interference from the other ss-oligos could exist.  
It was found from these results that the overlap or the close locations of the target regions, 
such as < 100 bp away from each other, could greatly affect the outcomes of MAGE. 
Furthermore, in the previous report, MAGE was successfully applied to optimize the RBS of 
24 genes  encoding 24 proteins involved with the 1-deoxy-Dxylulose-5-phosphate (DXP) 
biosynthesis pathway in E.coli [5]; and only one site was targeted for each gene while these 
targeted sites were far from each other. In the current study, however, MAGE was carried out 
to not only the RBSs but also the promoters of the target genes. So an increased complexity 
caused by the close locations of the dissimilar target sites might be the primary reason for an 
unpredicted modification to a population of E.coli cells.  
Therefore, another experiment was performed by MAGE with an improved plan. In the 
improved MAGE (I-MAGE), only the RBSs of the genes glyQS and serS were targeted to 
reduce the problems showed up in the traditional MAGE. Moreover, the concentration of the 
ss-oligos was changed from 3.9 μM to 5.0 μM; and the electroporation buffer was changed 
from SOC to Milli-Q water containing the ss-oligos as reported more recently [256]. As it was 
believed that less cycles would be demanded by the decreased target sites, only five I-MAGE 
cycles were performed for the modifications to the two RBSs. After five I-MAGE cycles, 
PCR using outer-primers (P21/P9 and P10/P11, Table 5.2) was carried out for amplifying the 
contexts of glyQS and serS including their RBSs, and the resultant PCR products were sent to 
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DNA sequencing, which showed that no sequence change was made to the RBSs among 
samples. The negative results indicated that the modification rate of I-MAGE was not as high 
as reported (> 30%) and could be very low so that the screening work could be an enormous 
project.  
The results from MAGE and I-MAGE demonstrated that the intergenic relationships might 
be ignored in this study and thus resulting in undesired modifications, as it was reported that 
the changes to some other genetic sites contributed to enhance the modification to the target 
location in the chromosome [256]. Furthermore, the effectiveness and accuracy of the 
technique MAGE could be connected to the interrelationship of the target elements and not 
every genetic element could be modified by MAGE.  
As aforementioned, the other measure to raise the production of MRR5 with E.coli was to 
enhance the cell growth of E.coli to a high density; and a commonly used method to achieve 
high cell density culture was modifying the culture and induction conditions. It was reported 
that efficient production of recombinant proteins in high cell density culture of E.coli was 
highly relevant to the separation of growth and production phases, which was usually 
achieved by delaying induction time, especially when the target protein was toxic to the host 
cells. Moreover, nutrient feeding strategy was critical for the high cell density culture that 
allowed the high productivity of a desired protein; and glucose was used as the growth 
limiting nutrient in most cases. However, the formation of acetic acid, resulting from the 
anaerobic degradation of glucose, affected cell growth, so glucose concentration in the culture 
broth was maintained at near zero, especially for the E.coli strain K12 and its derivatives. 
E.coli B and its derivatives, including BL21 (DE3) pLysS used for the production of MRR5 
in the current study, produced much less acetic acid even at the presence of excess glucose 
[Choi 2006]. Last but not negligible, other nutrients such as nitrogen sources, microelements 
and amino acids were also important for the high cell density culture of E.coli to obtain the 
high production yield of recombinant proteins.  
Therefore, a series of adjustments were made to the nitrogen sources, the first carbon 
source (glucose) and induction time of the culture medium ECM used in Chapter 3. In 
addition, cultures in the minimal medium M9 with modifications were studied as to the cell 
growth without the basal expression of the recombinant gene and MRR5 production, as it was 
believed that the trace amount of lactose in the tryptone used in ECM triggers the basal 
expression of mrr5 and hence the production of a small amount of MRR5 which could be 
harmful to the E.coli cell growth before induction. In total, twenty one different culture 
formats, which differed from each other regarding to the compositions of the culture medium, 
feeding strategies of carbon sources and induction time, were included in the investigation 
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into the cell growth of E.coli and production of MRR5.  Spectrophotometry and Western blot 
analyses were performed to evaluate the cell density and MRR5 production after the culture 
with the twenty one different formats. 
The spectrophotometry results showed that the addition of the inducer IPTG at 3 h 
(induction time) during the culture was beneficial to cell growth rather than the addition of 
IPTG at the beginning of the culture, which confirmed the belief that the basal expression of 
MRR5, caused by the leakage of IPTG into the metabolic pathway fluxes before the depletion 
of the first carbon source glucose, had a negative effect on the cell growth. Furthermore, the 
induction time 3 h enabled the highest cell density indicated that the cell growth entered into 
log-phase at this time point. More significantly, the elevated usage of the first carbon source 
glucose and the addition of important amino acids, including glycine and asparaginic acid, 
could increase the final cell density regardless of the induction time. Finally, the doubled 
consumption of nitrogen sources, including tryptone and yeast extract, contributed to raising 
the cell growth as well. 
As for the production of MRR5, the Western blot analyses showed that the production of 
MRR5 was evident in 10 among the 21 different cultures; and MRR5 was produced at the 
highest level in No. 4 culture that adopted auto-induction (addition of IPTG at 0 h), twice the 
original consumption of nitrogen sources and a high concentration of glucose (0.6%), while 
the cell density slightly decreased as compared with that in the original auto-induction culture.  
These results demonstrated that the specific cell yield (the production yield of the protein in 
an individual cell) was increased in No. 4 culture in spite of the sightly decreased cell density.  
In addition, both MRR5 production level and cell density were very low in the M9 cultures, 
although different nutrient feeding strategies were used. This result demonstrated that 
although a basal level production of the recombinant protein could inhibit the cell growth to a 
certain extent, the lack of nitrogen sources and microelements affected cell growth to a much 
greater extent; and the induction time (7 h) is insufficient for producing MRR5 in E.coli.  
It could be seen from the above results that in the presence of glucose at a higher 
concentration (0.4 % or 0.6%) and the doubled amount of nitrogen sources, delayed induction 
contributed to raising the cell density but had inverse effects to the production of the 
recombinant protein. Although it would be difficult to achieve both of a sufficient production 
level of MRR5 and a high cell density simultaneously, an optimized culture strategy (No. 4) 
was developed to achieve a superior yield of the desired protein. Significantly, the success of 
No.4 strategy and the failure of No.20 and No.21 (M9) strategies indicated that the elevated 
usage of glucose as the first carbon source, the increased amount of nitrogen sources, trace 
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elements and auto-induction were essential to achieving a higher cell specific yield of MRR5 
regardless of the slightly decreased growth of the host cells. 
For a further comparison, the culture of E.coli BL21 (DE3) pLysS-pET28a/mrr5 was 
performed using the original and the optimized (No. 4) medium in different fermentation 
vessels including 2-L baffled flasks and a 5-L bioreactor. The recombinant protein MRR5 
produced in the cultures was then extracted and purified, respectively, in the same manner as 
given in Section 4.2.2. SDS-PAGE analysis was carried out against the whole cell, 25% HAc-
extract and Ni-NTA IMAC-purified samples from these cultures; and spectrophotometry was 
used to determine the final production yields of MRR5 in these cultures. The experimental 
results showed that the production level of MRR5 with the optimized ECM (No. 4) in a shake 
flask was much higher than those in the other two conditions, including the culture using the 
original ECM medium in a 2-L baffled flask and the culture using the optimized ECM in a 5-
L bioreactor. Besides, the cell density and the MRR5 production level with the optimized 
medium in a 5-L bioreactor were relatively low. More significantly, the combination of 
baffled flasks and the optimized ECM (No.4) enabled a superior productivity of MRR5 that 
was about 14-fold of the production yield from the culture using the original ECM in baffled 
flasks, while no obvious difference was found in the cell growth under these two conditions; 
and the cell growth in the optimized ECM in the 5-L bioreactor stayed at the lowest level.  
The above results indicated that cell growth and MRR5 production level were also related 
to the level of dissolved oxygen (DO) in the culture medium. A high level of DO could be 
obtained from the open-ended culture in the baffled flask, whereas the DO in the enclosed 
fermentation in the 5-L bioreactor might be very low even with high pressure aeration. 
Nevertheless, the finally determined condition for the highest production level of MRR5 in 
E.coli was to use the optimized ECM medium in baffled flasks. 
In conclusion, two technical proposals had been implemented to enhance the production 
level of MRR5 with E.coli. To optimize the glycyl-tRNA and seryl-tRNA level and hence the 
translation level of the recombinant gene mrr5 within E.coli, two different multiplex 
automated genome engineering technologies, including traditional MAGE and improved 
MAGE (I-MAGE) had been performed and undesired genotypes of E.coli were obtained. This 
result was attributed to the following reasons: 1) some information about intergenic 
relationships within the chromosome of E.coli was ignored in the experimental plan; 2) in 
addition to the operation details regarding to the competent cells preparation, electroporation 
and recovery culture, the following screening was performed at a small-scale, which might 
leave out the desired cell populations, especially when the modification efficiency was low. 
The results from MAGE and I-MAGE indicated that the effectiveness and accuracy of MAGE 
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could be connected to the interrelationship of the target elements and not every genetic 
element could be modified by MAGE. 
Moreover, another attempt had been made to optimize culture conditions to increase the 
cell growth of E.coli and hence the productivity of the desired protein MRR5. Through 
adjustments to the compositions of the culture medium, feeding strategies of carbon sources, 
induction time and fermentation vessels, optimal culture conditions were determined to 
increase the production yield of the desired protein MRR5 to 14.32 mg/L culture, which was 
about 14-fold the productivity under the original culture conditions, while the cell growth kept 
about the same (slightly decreased or slightly increased) from the original to the optimized 
culture conditions. These results demonstrated that the enhancement of overall MRR5 
production was attributed to the elevated production level of MRR5 in an individual cell, 
namely the cell specific yield, rather than the increased cell growth. Furthermore, comparative 
analyses between the culture under the optimal conditions and the cultures in the minimal 
medium indicated that the elevated usage of glucose as the first carbon source, the increased 
amount of nitrogen sources, trace elements and auto-induction were essential to achieving a 
higher cell specific yield of MRR5 while keeping the cell growth stable.  
The increased production of MRR5 enabled the practical applications and characterization 
of this protein at micro- and bulk-scale. More significantly, while the productivity of the 
recombinant resilin rec1-resilin, which was neutral and has no detrimental effects to the host 
cells, had been raised by about 20 folds through culture regulations, the successful attempt to 
increase the production of the cationic MRR5, which was toxic to the host cells, by ~14 folds 
through regulating the culture and induction conditions of E.coli would provide fundamental 
foundation to the fermentation for producing and researching recombinant proteins with 
cationic property and toxicity to the host cells. 
7.1.4 Characterising the performance of MRR5 
In previous chapters, we had obtained a novel protein through the expression of the chimeric 
gene in E.coli and the subsequent purification of the protein from the host cells, and the 
Western blot analysis had shown that the obtained protein was the desired recombinant 
protein MRR5. Furthermore, the productivity of this protein MRR5 was increased by about 
14 folds via optimizations to the culture and induction conditions of E.coli. Nevertheless, it 
remained unknown if MRR5 could be used to fabricate hydrogels that served as bioadhesives 
for wound healing.  
In Chapter 6, further identification was performed to confirm the obtained product was the 
desired protein MRR5. Then we investigated the structural and adhesive properties, 
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silicification and biocompatibility of MRR5 through a series of characterization. The adhesive 
ability of the protein was firstly evaluated on various surfaces. Evaluation of the adhesion 
performance of MRR5 hydrogel (MRR5 with dityrosine crosslinks) and silicified MRR5 
hydrogel was carried out on wet tissues. Also, the morphologies of MRR5 hydrogel and 
silicified MRR5 hydrogel were studied. Characterization of the secondary structure of the 
protein samples was performed to provide insights into the structure-property relationship of 
the protein materials. Finally, cytotoxicity of the protein and the leachable contents of the 
hydrogel (150 mg/ml MRR5) were evaluated to determine if MRR5 or the hydrogel was safe 
for biomedical applications.  
The proposed further identification of the obtained protein was performed with high-
performance liquid chromatography and electrospray ionization quadrupole time-of-flight 
mass spectrometry/mass spectrometry (HPLC-ESI-Q-TOF-MS/MS) that offered specific 
amino acid sequences of the trypsin-digested segments of the obtained protein. The adhesive 
ability of the desired protein MRR5 was firstly verified with coating investigations on various 
surfaces including glass, polystyrene, Teflon, aluminium and polymethyl methacrylate. The 
proposed evaluation of the adhesive performance of the protein hydrogel was conducted with 
in vitro lap shear testing using a universal testing machine. Morphologies of the hydrogel 
(150 mg/ml MRR5) with or without silicification were observed through scanning electron 
microscopy (SEM). FTIR provided the information regarding to the secondary structure of the 
protein samples. Finally, WST-1 assay was performed to determine the biocompatibility of 
the protein materials. 
The experimental results showed the specific amino acid sequences of three trypsin-
digested segments of the obtained protein, and the information confirmed that the purified 
protein was the desired MRR5, which was confirmed to be able to adhere to various surfaces 
in watery condition as indicated by the coating investigations. In the in vitro lap shear testing, 
MRR5 hydrogel at 150 mg/ml exhibited the adhesive strength of 2.5 ± 0.07 MPa which was 
34.6 times higher than that of LAMBA (72.2 ± 3.7 KPa) made of the recombinant mussel 
adhesive protein mgfp-151 (500 mg/ml) and 2.5 folds higher than that of naturally extracted 
mussel adhesive proteins (~ 1 MPa) on wet tissues, while the adhesion performance slightly 
decreased for the silicified MRR5 hydrogel (2.0±0.38 MPa). FTIR spectra in amide I region 
in combination with the amino acid sequence analysis of MRR5 confirmed the random coil 
and β-turn conformation of dehydrated MRR5 materials, implying the random coil 
conformation of mgfp-5 and extended (unstructured) conformation of pro-resilin within 
MRR5 in aqueous conditions. FTIR spectra in amide II and III regions showed the presence 
of dityrosine crosslinks and silica within the hydrogel and silicified hydrogel samples, 
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respectively. The results from lap shear testing and FTIR indicated the contribution of pro-
resilin to the adhesion performance of the protein materials in watery conditions. 
It is speculated that the extended conformation might be attributed to pro-resilin as one of 
the building blocks of MRR5, since it had been reported that pro-resilin (exon I) was largely 
unstructured at 80 ℃ in aqueous solution [264]; the random coil conformation may largely be 
ascribed to mgfp-5 that enabled the adaption to various surfaces and thus the adhesive ability 
of MRR5 hydrogel; and the extended conformation might confer resilience to and thus 
enhance the conformational stability of MRR5 hydrogel, which was further improved by the 
presence of dityrosine crosslinks, resulting in much superior adhesion performance of MRR5 
hydrogel as compared with that of LAMBA, which merely incorporated the dityrosine 
crosslinks instead of resilin to obtain a stable conformation. Moreover, comparing to the 
adhesion performance of MRR5 hydrogel, silicified hydrogel showed weaker adhesive 
strength due to its lower crosslinking degree, indicating the contribution and significance of 
conformational stability to the adhesion performance of the protein materials. However, the 
micron porous network structure, which formed in the silicification process of MRR5 
hydrogel film, would be very desirable for tissue adhesives used in wound healing and tissue 
regeneration, since this porous network within the protein material allowed for better oxygen 
permeability, cell retention capability and provided efficacy in prevention of tissue 
dehydration, etc.. The adhesive strength of MRR5 hydrogel slightly decreased after 
silicification while keeping at a higher level than that of LAMBA.  
To sum up, within the recombinant protein MRR5, mgfp-5 acted as the interfacial adhesive 
with random coil conformation; pro-resilin functioned as a stabilization system to provide 
conformational stability to the protein material; and R5 peptide played the role of structural 
scaffold to enable the formation of micron porous network structure within the protein 
material. Finally, the cytotoxicity assessment showed that uncrosslinked MRR5 at low 
concentrations (1 and 0.1 mg/ml) had negligible toxic effects to the proliferation of human 
embryonic kidney 293T cells. Although a high concentration (10 mg/ml) of MRR5 exerted 
adverse effects to cells, leachable contents of MRR5 hydrogel (150 mg/ml) rarely had any 
toxicity to the cellular proliferation, demonstrating that released MRR5 and crosslinkers from 
the hydrogel was negligible. The results mentioned above demonstrated that the recombinant 
protein MRR5 offered an alternative tissue adhesive with strong adhesion in wet conditions 
and very low toxic effects for would healing and tissue regeneration. 
7.2 Future work 
 167 
 
This section discusses potential future research directions in bioadhesives. In Chapter 3 ～ 6, 
a novel recombinant protein MRR5 was proposed to serve as bioadhesives. However, the 
overall production level of the recombinant protein was relatively low (14.32 mg/L culture) as 
compared with other recombinant proteins, such as the recombinant mussel adhesive protein 
mgfp-151 (～1 g/L culture). Although the bulk adhesive performance of MRR5 hydrogel was 
evaluated, the limited source of MRR5 hindered more investigations into the application of 
the materials. The following approaches can be explored in order to obtain greater 
productivity of the desired protein and more comprehensive understanding of the protein as 
tissue adhesives. 
7.2.1 Expression of the novel protein as inclusion 
bodies 
In Chapter 5, optimizations to the culture and induction conditions had been shown to be able 
to increase the production level of the desired protein by 14-fold and this enabled micro-scale 
characterization and a bulk-scale test of the protein. However, more investigations are 
required to obtain a comprehensive understanding of the protein material, whereas these 
requirements remain to be fulfilled by the great improvement to the production of the protein. 
For much higher production yield of the desired protein, decapeptide repeats of the mussel 
adhesive protein mgfp-1 can be added to the N- and C-terminal of MRR5 so that the hybrid 
protein can be expressed as inclusion bodies, which are commonly expressed at very high 
levels in E.coli and hardly have any toxic effects to the host cells.   
7.2.2 In vivo biological/pathological evaluation of 
MRR5 
In Chapter 3, we created a novel protein from the design incorporating the function modules 
of mgfp-5, pro-resilin and R5 in sequence. Mgfp-5 acted as the interfacial adhesive with 
random coil conformation; pro-resilin functioned as a stabilization system to provide 
conformational stability to the protein material; and R5 peptide played the role of structural 
scaffold to enable the formation of micron porous network structure within the protein 
material. Adhesion performance of the protein hydrogel had been evaluated in Chapter 6, and 
excellent results were obtained for the hydrogel at 150 mg/ml with and without silicification 
as compared with the performance of LAMBA at 500 mg/ml. In the future, 
biological/pathological and actual wound healing performance of the materials made of the 
recombinant protein MRR5 will be evaluated by using an animal wound healing model and 
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comparing various traditional bioadhesives. In addition, an experiment to use the MRR5 to 
coat tissue scaffolds will be carried out. 
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Appendices 
Appendix A: predicted genetic sequences of 
E.coli BW25113 after MAGE 
1. Context sequences of glyVXYafter MAGE 
TCGTAGTCGGGCTTCTCCTTAGACGTTTTAAGACGACGCTGGTGATTGGCGTTCAC
GCGGCGCTGCTGGCCTTTGGAGAGTTTATTTTTACTCAATCGTACAGACTCCTGGT
CGCCCCTGATGGGCAAAACATCTATGATACACGCAATTGTGGATCAATATAGTCA
CTGTGAATGGGTGGAAAATAGCATGAGTGCCAATGAAAACAACCTGATTTGGAT
CGATCTTGAGATGACCGGTCTGGATCCCGAGCGCGATCGCATTATTGAGATTGCC
ACGCTGGTGACCGATGCCAACCTGAATATTCTGGCAGAAGGGCCGACCATTGCAG
TACACCAGTCTGATGAACAGCTGGCGCTGATGGATGACTGGAACGTGCGCACCCA
TACCGCCAGCGGGCTGGTAGAGCGCGTGAAAGCGAGCACGATGGGCGATCGGGA
AGCTGAACTGGCAACGCTCGAATTTTTAAAACAGTGGGTGCCTGCGGGAAAATCG
CCGATTTGCGGTAACAGCATCGGTCAGGACCGTCGTTTCCTGTTTAAATACATGC
CGGAGCTGGAAGCCTACTTCCACTACCGTTATCTCGATGTCAGCACCCTGAAAGA
GCTGGCGCGCCGCTGGAAGCCGGAAATTCTGGATGGTTTTACCAAGCAGGGGAC
GCATCAGGCGATGGATGATATCCGTGAATCGGTGGCGGAGCTGGCTTACTACCGC
GAGCATTTTATCAAGCTGTAAAATTTTTCCTGGTCACGTAAGCGCCGGAATCCAC
TTGCGGCGGCGTGATTTTGACGCTAAATTGAACGTCTTGCTGATAATTTCAGCACT
TGAGATAAAAACGCAAAAAAAACTTTTTTGGGGGG(TTGTTG)
-35
AGGGAAAGATT
TC(TCGTATAAT)
-10
GCGCCTCCCGTAACGACGCAGAAATGCGAAAATTACGAAAG
CAAAATTAAGTAGTACGCGGGAATAGCTCAGTTGGTAGAGCACGACCTTGCCAA
GGTCGGGGTCGCGAGTTCGAGTCTCGTTTCCCGCTCCAAAATTTGAAAAGTGCTG
CAAAGCACAGACCACCCAAGCGGGAATAGCTCAGTTGGTAGAGCACGACCTTGC
CAAGGTCGGGGTCGCGAGTTCGAGTCTCGTTTCCCGCTCCAAAATTTGAAAGTGC
TGTAAGGCACAGACCACCCAAGCGGGAATAGCTCAGTTGGTAGAGCACGACCTT
GCCAAGGTCGGGGTCGCGAGTTCGAGTCTCGTTTCCCGCTCCAAATTCTTCTCTCA
ATAAAATATCCACAGCGACGCGATGCGTTATTGCTGGTTTTTGTTGTCTCTGACAA
ACTCTTGTAAACAGAGTTATCCACAGCCTCAGGCTGTAATCTTAATTTCAAAGAA
ACTTCGCACGGTGAATAGTATTTTTTTAACCTATTGATAGATAAGTTAAAAATTAA
GATTCCGTTTTGTCGAGTCGATCACTTGACGATTTTATTCGTCTTGAATTGCAATG
CGTTTTTATTTTTATTCACAAGCTGTGGATGAACCCTTTTTCAATCACCCGAACCA
GACGCTGTT 
()
-35
: Modified -35-box 
()
-10
: Modified -10-box 
The gene glyVXY wasmarked by grey shadow. 
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Determination of -35 and -10-box was performed with an online tool (http://linux1.softberry.com/berry.
phtml?topic=bprom&group=programs&subgroup=gfindb). 
2. Context sequences of glyQSafter MAGE 
TTAACTCACTAATCTGTTTCTGTCGATTCGTTGTACCAGCATAGAAAGTAACAAAC
TCGCTGCCAACGTCGCGCAAAAGATCCAAATAATATCCAGTATTGGCCAATTTTT
AAGCTCAATTCCCCGGGTGCGCAGCGCATGGATAATCAAGGCGTGGAATCCGTAT
ATACCCAATGAATGGCGGGAGATTAAGCCAAGTCCGCGAATGGTACGCGTATCC
AGCGTGTTTTTAACCAGAGTCAATAGCGCGATTGCGCAGATAAAAACCATCGGCC
CACAGTAAAGATACCAGGTATCGGCAAAATTTCCGCGCCACTGCAATTCATATAA
TGTCCCGCGAGAGATAATAAAAACCCCCGTCGCAAACAGCGCGGCGCTCACCCA
CGACAGTGCTTTATGCTGTGTGTCCATCATCCCTATAGCGCGGCCCAACATGCCAT
ACAGAATGTAGTAAAAAGTATCGCCATTGATATATAAGTTAATTGGCAGCCATTC
AAAACCGTCAATTTTCTGCGGCACTGTGTTTGGGTTAGCGATAATGCCAATCACC
GCCATTAGCACCAGCAACATTTTTCCGCCGACGTTCTTCACCTGAATCAGCGGTG
AAACCAGATAAATCACCGCAATCGCGAAGAAAAACCACAAGTGGTAAAACACTG
GCTTTTGCAGCAGGTTTTTCAGCGCTAACTCCATATTGATGGAGGTAAACAGCGC
AATGTAGAGCAGTGCGATTGCGCTATAAAAAATCAGACATAAGCCGATACGCAA
GAAATGGCGCGGCTGGGCGCTGCGTTCGCCAAAAAAGAGATAGCCGGAAATCAT
GAAAAATAGCGGCACGCTGACACGAGAGGCAGAATTCAGAACATTGGCGATATC
CCATGTGACGGGGCTAACACTATGAGCATTGGTCACATACCAGGTAGTGGTGTGA
ATCATCACCACCATTAAACACGCTATCCCTCGCAGGTTATCAATCCAGTAAATTTT
GGGCTGCATCTGTGTCTCTGTATCTGGTTAAAAAAAGTCTGACCGATAAATCATTT
GGTTGGCGCACTGGAATAATCTGAGTTTTATCACTACAGCTTATAGAGGCTTAAG
GAAATTCGTAAGATATCAGCCACTATACCGATATAAATAATAAGACTCACCTGCA
AACCAGACGGTAATTTAATGATGATGAACGCTTTCTTTCCGGCAATGGCGCTTAT
GGTGCTAGTGGGTTGTTCTATACCGTCACCCGTGCAGAAAGCACAACGGGTAAAG
GTTGATCCTCTGCGTTCGTTGAATATGGAAGCGTTATGCAAGGATCAGGCGGCAA
AACGTTATAACACCGGCGAGCAAAAAATCGACGTCACCGCCTTCGAACAGTTCCA
GGGAAGCTATGAAATGCGCGGTTATACCTTCCGTAAAGAGCAGTTTGTCTGTTCT
TTTGACGCGGATGGCCATTTTTTGCATCTTTCCATGCGTTAAGCCCTGCTTTTTCCC
GTTTCGTA(TTCCCC)
-35
ATCTTCCATCCAGC(TGTTTAACT)
-10
GATCCCTTCCTTTA
AATCCACACGTATC(DDRRRRRDDDD)
RBS
AATATGCAAAAGTTTGATACCAGGAC
CTTCCAGGGCTTGATCCTGACCTTACAGGATTACTGGGCTCGCCAGGGCTGCACC
ATTGTTCAACCATTGGACATGGAAGTCGGCGCGGGAACCTCTCACCCAATGACCT
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GTCTGCGCGAGCTGGGGCCAGAACCGATGGCGGCTGCTTATGTTCAGCCTTCTCG
TCGCCCGACCGATGGTCGCTACGGCGAAAACCCCAACCGTTTACAGCACTACTAT
CAGTTCCAGGTGGTCATTAAGCCATCGCCGGACAATATTCAGGAGCTGTACCTCG
GTTCTCTGAAAGAGCTGGGCATGGACCCGACTATTCACGACATCCGTTTCGTGGA
AGATAACTGGGAAAACCCGACGCTGGGTGCCTGGGGACTGGGCTGGGAAGTGTG
GCTGAACGGCATGGAAGTGACGCAGTTCACTTACTTCCAGCAGGTTGGTGGTCTG
GAGTGTAAACCGGTTACCGGCGAGATCACCTACGGTCTGGAACGTCTGGCCATGT
ACATTCAGGGCGTAGACAGCGTTTACGACCTGGTCTGGAGCGACGGCCCGCTGGG
TAAAACCACCTACGGCGACGTGTTCCATCAGAACGAAGTGGAGCAGTCCACTTAC
AACTTCGAATACGCGGATGTGGACTTCCTGTTCACCTGCTTCGAGCAGTACGAGA
AAGAAGCGCAGCAGCTGCTGGCGCTGGAAAATCCGCTGCCGCTGCCAGCCTACG
AGCGTATTCTGAAAGCCGCCCACAGCTTCAACCTGCTGGATGCGCGTAAAGCCAT
CTCCGTCACCGAGCGTCAGCGCTACATTCTGCGCATTCGCACCCTGACCAAAGCA
GTGGCAGAAGCATACTACGCTTCCCGTGAAGCCCTCGGCTTCCCGATGTGCAACA
AAGATAAGTAAGAGGCGGCTATGTCTGAGAAAACTTTTCTGGTGGAAATCGGCA
CTGAAGAGCTGCCACCAAAAGCACTGCGCAGCCTGGCTGAGTCCTTTGCTGCGAA
CTTTACTGCGGAGCTGGATAACGCTGGCCTCGCACACGGCACCGTTCAATGGTTT
GCTGCTCCGCGTCGTCTGGCGCTGAAAGTAGCTAACCTGGCGGAAGCGCAACCGG
ATCGTGAAATCGAAAAACGCGGCCCGGCGATTGCCCAGGCGTTCGACGCTGAAG
GCAAACCGAGCAAAGCGGCAGAAGGTTGGGCGCGTGGTTGCGGTATTACCGTTG
ACCAGGCTGAGCGTCTGACTACCGATAAAGGCGAATGGCTGCTGTATCGCGCCCA
TGTGAAGGGCGAAAGCACCGAAGCACTGCTGCCGAATATGGTTGCGACTTCTCTG
GCGAAACTGCCGATCCCGAAACTGATGCGTTGGGGCGCAAGCGACGTGCACTTC
GTGCGTCCGGTGCACACCGTGACCCTGCTGCTGGGCGACAAAGTCATTCCGGCAA
CCATTCTGGGCATTCAGTCCGATCGCGTGATTCGCGGCCACCGCTTTATGGGCGA
GCCGGAATTCACCATCGATAACGCCGATCAGTATCCGGAAATTCTGCGTGAGCGT
GGGAAAGTCATCGCCGATTACGAAGAACGTAAGGCGAAGATTAAAGCCGATGCC
GAAGAAGCAGCGCGTAAGATTGGCGGTAACGCTGACTTAAGCGAAAGCCTGCTG
GAAGAAGTGGCTTCGCTGGTGGAGTGGCCGGTCGTTCTGACCGCAAAATTCGAAG
AGAAATTCCTCGCGGTGCCGGCTGAAGCGCTGGTTTACACCATGAAAGGTGACCA
GAAATACTTCCCGGTGTATGCGAACGACGGCAAACTGCTGCCGAACTTTATCTTC
GTTGCCAACATCGAATCGAAAGATCCGCAGCAGATTATCTCCGGTAACGAGAAA
GTCGTTCGTCCGCGTCTGGCGGATGCCGAGTTCTTCTTCAACACCGACCGTAAAA
AACGTCTTGAAGATAACCTGCCGCGCCTGCAAACCGTGTTGTTCCAGCAACAGTT
GGGGACGCTGCGCGACAAAACTGACCGCATCCAGGCGCTGGCTGGCTGGATTGC
TGAACAGATTGGCGCTGACGTTAACCACGCTACCCGTGCGGGTCTGCTGTCTAAG
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TGCGACCTGATGACCAACATGGTCTTCGAGTTCACCGACACCCAGGGCGTTATGG
GGATGCACTATGCGCGTCACGATGGCGAAGCGGAAGATGTCGCGGTGGCGCTGA
ATGAGCAGTATCAGCCGCGTTTTGCTGGTGATGACCTGCCGTCCAACCCAGTAGC
TTGTGCGCTGGCGATTGCTGACAAGATGGATACCCTGGCGGGTATCTTCGGTATC
GGTCAGCATCCGAAAGGCGACAAAGACCCGTTTGCGCTGCGTCGTGCCGCGCTTG
GCGTGCTGCGAATTATCGTTGAGAAGAACCTCAACCTTGATCTGCAAACGCTGAC
CGAAGAAGCGGTGCGTCTGTATGGCGATAAGCTGACTAATGCCAACGTAGTTGAT
GATGTTATCGACTTTATGCTCGGTCGCTTCCGCGCCTGGTATCAGGACGAAGGTT
ATACCGTTGACACCATCCAGGCGGTACTGGCGCGTCGTCCGACTCGTCCGGCTGA
TTTCGATGCCCGTATGAAAGCGGTATCGCATTTCCGTACCCTGGATGCAGCTGCT
GCACTGGCGGCGGCGAACAAACGTGTATCTAACATTCTGGCGAAATCTGACGAA
GTGCTGAGCGACCGCGTGAATGCCTCTACCCTGAAAGAGCCGGAAGAAATTAAA
CTGGCGATGCAGGTTGTGGTGCTACGTGACAAGCTGGAGCCGTACTTTACGGAAG
GTCGTTACCAGGATGCGCTGGTCGAACTGGCTGAGCTGCGTGAACCGGTTGATGC
TTTCTTCGATAAAGTGATGGTCATGGTTGATGACAAAGAATTGCGTATCAACCGT
CTGACCATGCTGGAGAAACTGCGCGAACTGTTCCTGCGCGTTGCGGATATTTCGC
TGTTGCAATAA 
()
-35
: Modified -35-box 
()
-10
: Modified-10-box  
()
RBS
: Modified RBS (ribosomal binding site) (D=A, G, T; R=A, G) 
The gene glyQSwas marked by grey shadow. 
3. Context sequences of serS after MAGE 
ACTGCTTTCCCGTGCCCGTGTCTATCTGTTGAAATCCCTGAGTACAGAGGATATTG
AGCAAGTACTAACTCAGGCGATGGAAGACAAAACCCGTGGCTATGGTGGTCAGG
ATATTGTTCTGCCAGATGAAACACGACGCGCCATTGCTGAACTGGTGAATGGCGA
CGCGCGCCGGGCGTTAAATACGCTGGAAATGATGGCGGATATGGCCGAAGTCGA
TGATAGCGGTAAGCGGGTCCTGAAGCCTGAATTACTGACCGAAATCGCCGGTGA
ACGTAGCGCCCGCTTTGATAACAAAGGCGATCGCTTTTACGATCTGATTTCCGCA
CTGCATAAGTCGGTACGTGGTAGCGCACCCGATGCGGCGCTGTACTGGTATGCGC
GAATTATTACCGCTGGTGGCGATCCGTTATATGTCGCGCGTCGCTGTCTGGCGATT
GCGTCTGAAGACGTCGGTAATGCCGATCCACGGGCGATGCAGGTGGCAATTGCG
GCCTGGGATTGCTTTACTCGCGTTGGCCCGGCGGAAGGTGAACGCGCCATTGCTC
AGGCGATTGTTTACCTGGCCTGCGCGCCAAAAAGCAACGCTGTCTACACTGCGTT
TAAAGCCGCGCTGGCCGATGCTCGCGAACGCCCGGATTATGACGTGCCGGTTCAT
 191 
 
TTGCGTAATGCGCCGACGAAATTAATGAAGGAAATGGGCTACGGGCAGGAATAT
CGTTACGCTCATGATGAAGCAAACGCTTATGCTGCCGGTGAGGTTTACTTCCCGC
CGGAAATAGCACAAACACGCTATTATTTCCCGACAAACAGGGGCCTTGAAGGCA
AGATTGGCGAAAAGCTCGCCTGGCTGGCTGAACAGGATCAAAATAGCCCCATAA
AACGCTACCGTTAATGTTATCGTTGCGGTAATGTTGTTACTGTATCCCTGTGGTCG
CAGGCTGTGGCCACATCTCCCATTTAATTCGAT(DDRRRRRDDDD)
RBS
AGCATGCT
CGATCCCAATCTGCTGCGTAATGAGCCAGACGCAGTCGCTGAAAAACTGGCACGC
CGGGGCTTTAAGCTGGATGTAGATAAGCTGGGCGCTCTTGAAGAGCGTCGTAAAG
TATTGCAGGTCAAAACGGAAAACCTGCAAGCGGAGCGTAACTCCCGATCGAAAT
CCATTGGCCAGGCGAAAGCGCGCGGGGAAGATATCGAGCCTTTACGTCTGGAAG
TGAACAAACTGGGCGAAGAGCTGGATGCAGCAAAAGCCGAGCTGGATGCTTTAC
AGGCTGAAATTCGCGATATCGCGCTGACCATCCCTAACCTGCCTGCAGATGAAGT
GCCGGTAGGTAAAGACGAAAATGACAACGTTGAAGTCAGCCGCTGGGGTACCCC
GCGTGAGTTTGACTTTGAAGTTCGTGACCACGTGACGCTGGGTGAAATGCACTCT
GGCCTCGACTTTGCAGCTGCAGTTAAGCTGACTGGTTCCCGCTTTGTGGTAATGA
AAGGGCAGATTGCTCGCATGCACCGCGCACTGTCGCAGTTTATGCTGGATCTGCA
TACCGAACAGCATGGCTACAGTGAGAACTATGTTCCGTACCTGGTTAACCAGGAC
ACGCTGTACGGTACGGGTCAACTGCCGAAATTTGCTGGCGATCTGTTCCATACTC
GTCCGCTGGAAGAAGAAGCAGACACCAGTAACTATGCGCTGATCCCAACGGCAG
AAGTTCCGCTGACTAACCTGGTGCGCGGTGAAATCATCGATGAAGATGATCTGCC
AATTAAGATGACCGCCCACACCCCATGCTTCCGTTCTGAAGCCGGTTCATATGGT
CGTGACACCCGTGGTCTGATCCGTATGCACCAGTTCGACAAAGTTGAAATGGTGC
AGATCGTGCGCCCAGAAGACTCAATGGCGGCGCTGGAAGAGATGACTGGTCATG
CAGAAAAAGTCCTGCAGTTGCTGGGCCTGCCGTACCGTAAAATCATCCTTTGCAC
TGGCGACATGGGCTTTGGCGCTTGCAAAACTTACGACCTGGAAGTATGGATCCCG
GCACAGAACACCTACCGTGAGATCTCTTCCTGCTCCAACGTTTGGGATTTCCAGG
CACGTCGTATGCAGGCACGTTGCCGCAGCAAGTCGGACAAGAAAACCCGTCTGG
TTCATACCCTGAACGGTTCTGGTCTGGCTGTTGGTCGTACGCTGGTTGCAGTAATG
GAAAACTATCAGCAGGCTGATGGTCGTATTGAAGTACCAGAAGTTCTGCGTCCGT
ATATGAACGGACTGGAATATATTGGCTAATACCCAATTTTTCTGAATCTAAAAAG
CGCCTGCGGGCGCTTTTTTTGTCTCCCTTTGATACCGAACAATAATTACTCCTCAC
TTACACGTAATACTACTTTCGAGTGAAAATCTACCTATCTCTTTGATTTTCAAATT
ATTCGATGTATACAAGCCTATATAGCGAACTGCTATAGAAATAATTACACAATAC
GGTTTGTTACTGGAATCAATCGTGAGCAAGCTTGAGTGAGCCATTATGAAAACGA
AAATCCCTGATGCGGTATTGGCTGCTGAGGTGAGTCGCCGTGGTTTGGTAAAAAC
GACAGCGATCGGCGGCCTGGCAATGGCCAGCAGCGCATTAACATTACCTTTTAGT
 192 
 
CGGATTGCGCACGCTGTCGATAGCGCCATTCCAACAAAATCAGACGAAAAGGTT
ATCTGGAGCGCCTGTACAGTTAACTGTGGTAGTCGCTGCCCGCTACGTATGCACG
TCGTGGACGGTGAAATCAAATATGTCGAAACGGACAATACCGGCGATGACAATT
ACGACGGCCTGCACCAGGTTCGCGCCTGCCTGCGTGGGCGTTCCATGCGTCGCCG
TGTCTACAATCCGGACCGCCTGAAATATCCGATGAAACGAGTCGGGGCGCGCGGT
GAAGGCAAATTCGAGCGCAT 
()
RBS
: Modified RBS (ribosomal binding site) (D=A, G, T; R=A, G) 
The gene serS was marked by grey shadow. 
Appendix B: alignment of DNA sequencing 
results 
1. The context sequence of genes glyVXY in modified E.coli 
by MAGE 
GGGGGGTTGCAGCTAAACGGATTTCTCGTATAATGCGCCTCCCGTAACGACAGAG
AATTACACGTTACGACAGCAACAAAAGCAGTACAGATTTGCGGGAATAGCTCAG
TTGGTAGAGCACGACCTTGCCAAGGTCGGGGTCGCGAGTTCGAGTCTCGTTTCCC
GCTCCAAAATTTGAAAAGTATCGCAAGATACGCCAGCACCAGAACACCCAAGCG
GGAATAGCTCAGTTGGTAGAGCACGACCTTGCCAAGGTCGGGGTCGCGAGTTCG
AGTCTCGTTTCCCGCTCCAAAATTTGAAAGTATCGCAAGATACGCATAGCACCAG
AACAACCAAGCGGGAATAGCTCAGTTGGTAGAGCACGACCTTGCCAAGGTCGGG
GTCGCGAGTTCGAGTCTCGTTTCCCGCTCCAAATTCTTCTTCATCTCCAGATTATC
CACAGCGAAGTGCTTCGTTGGGGACGTTTTCTGTTGTATCTGAAATACTCTTGTGA
ACAGAGTTATCCACAGAAA  
2. The context sequence of genes glyVXY in the original 
E.coli BW25113 (mutS-, λ-Red+): 
GGGGGGTTGCAGAGGGAAAGATTTCTCGTATAATGCGCCTCCCGTAACGACGCA
GAAATGCGAAAATTACGAAAGCAAAATTAAGTAGTACGCGGGAATAGCTCAGTT
GGTAGAGCACGACCTTGCCAAGGTCGGGGTCGCGAGTTCGAGTCTCGTTTCCCGC
TCCAAAATTTGAAAAGTGCTGCAAAGCACAGACCACCCAAGCGGGAATAGCTCA
GTTGGTAGAGCACGACCTTGCCAAGGTCGGGGTCGCGAGTTCGAGTCTCGTTTCC
 193 
 
CGCTCCAAAATTTGAAAGTGCTGTAAGGCACAGACCACCCAAGCGGGAATAGCT
CAGTTGGTAGAGCACGACCTTGCCAAGGTCGGGGTCGCGAGTTCGAGTCTCGTTT
CCCGCTCCAAATTCTTCTCTCAATAAAATATCCACAGCGACGCGATGCGTTATTGC
TGGTTTTTGTTGTCTCTGACAAACTCTTGTAAACAGAGTTATCCACAGCCTCA 
3. Alignment of the above two sequences: 
1 GGGGGGTTGCAGCTAAACGGATTTCTCGTATAATGCGCCTCCCGTAACGACAG 
2 GGGGGGTTGCAGAGGGAAAGATTTCTCGTATAATGCGCCTCCCGTAACGACGC 
1 AGAATTACACGTTACGACAGCAACAAAAGCAGTACAGATTTGCGGGAATAGC 
2 AGAAATGCGAAAATTACGAAAG*CAAAATTAAGTAGTAC**GCGGGAATAGC 
1 TCAGTTGGTAGAGCACGACCTTGCCAAGGTCGGGGTCGCGAGTTCGAGTCTCGT 
2 TCAGTTGGTAGAGCACGACCTTGCCAAGGTCGGGGTCGCGAGTTCGAGTCTCGT 
1 TTCCCGCTCCAAAATTTGAAAAGTATCGCAAGATACGCCAGCACCAGAACACC 
2 TTCCCGCTCCAAAATTTGAAAAGTGCTGCAAAGCACAGACCACCCAA******  
1 CAAGCGGGAATAGCTCAGTTGGTAGAGCACGACCTTGCCAAGGTCGGGGTCGC 
2 ***GCGGGAATAGCTCAGTTGGTAGAGCACGACCTTGCCAAGGTCGGGGTCGC 
1 GAGTTCGAGTCTCGTTTCCCGCTCCAAAATTTGAAAGTATCGCAAGATACGCA 
2GAGTTCGAGTCTCGTTTCCCGCTCCAAAATTTGAAAGTGCTGTAAGGCACAGA 
1 TAGCACCAGAACAACCAAGCGGGAATAGCTCAGTTGGTAGAGCACGACCTTGC 
2CCACCCAA**********GCGGGAATAGCTCAGTTGGTAGAGCACGACCTTGC 
1 CAAGGTCGGGGTCGCGAGTTCGAGTCTCGTTTCCCGCTCCAAATTCTTCTTCAT 
2 CAAGGTCGGGGTCGCGAGTTCGAGTCTCGTTTCCCGCTCCAAATTCTTCTCTCA 
1 CTCCAGATTATC CACAGCGAAGTGCTTCGTTGGGGACGTTTTCTGTTGTATCT 
2ATAAAATATCCACAGCGACGCGATGCGTTATTGCTGGTTTTTGTTGTCTCTGA 
 194 
 
1 GAAATACTCTTGTGAACAGAGTTATCCACAGAAA 
2 CAAACTCTTGTAAACAGAGTTATCCACAGCCTCA 
1: the context sequence of glyVXY after MAGE  
2: the context sequence of glyVXY before MAGE 
Identical sequences were marked by boxes, and the grey shadow indicated coding region of 
genesglyVXY.-35-box and -10-box were underlined. The identity between these two sequences was 
only 75%. 
